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Friction Welding (FW) has broad application prospects in the fields of automotive 
industry. In the industrial production as well as big amounts of literatures, various 
defects can have a significantly influence on the quality of the FW joints. However, 
the formation mechanism of the defects in the welds as well as the effect regulation 
on the properties of the welds have not been systematically studied. Therefore, the 
present work has been focused on the relationship between the microstructure and 
mechanical properties in friction welding joints, which covered ordinary butt joints 
of friction stir welding (FSW), friction stir lap welding (FSLW) as well as linear 
friction welding (LFW), especially on the characterization of various defects in 
these friction welds and their influence regulations on the mechanical properties.  
 
FSW butt welds for AA5083-H112 were prepared at various welding parameters. 
The microstructural and property development throughout the welds were evaluated, 
with a special focus on the kissing bond defect, which can have a substantial effect 
on the microstructure and properties of the FSW joints. It was found that the length 
of the kissing bond had a reasonably linear relation with heat input (HI), which 
depends mostly on the tool rotation speed as well as feed rate. Moreover, with the 
increasing length of the kissing bond, the tensile strength and elongation increased 
first and then decreased, however, the yield strength had no obvious trend. Besides, 
better fatigue results were shown for the weld with shorter kissing bond. It was also 
found that the kissing bond can affect the fracture type, which were strongly 
correlated with the tensile strength and fatigue life.  
 
FSLW of a wrought aluminium alloy (AA6061-T6) to a casting aluminium (as-cast 
A356) sheets was prepared, with the investigation on the microstructure evolution, 
second-phase distribution and microscale defects. In the microstructure, kissing 
iv 
 
bond and another kind of defect named hook were detected. It was found that the 
kissing bond did not significantly affect the shear behaviour of the joints. However, 
the hook defect, increased in height and range with the increasing tool rotation 
speed, was found to have a remarkable influence on the shear behaviour of the joints. 
 
LFW of AA5083 welds and dissimilar AA5083-Cu C101 welds were prepared 
using different forging pressures, to assess the impact of the defects, as well as the 
forging pressure on the mechanical properties and microstructural development. In 
the LFW of AA5083, discontinuous lack of connection defects were detected on the 
welding interface, where crack source formed on the in the stretching process. With 
the increase of the forging force, which led to the increase in heat input, the size of 
the defect was significantly decreased, resulting in the increase of the mechanical 
properties. In dissimilar AA5083 Cu C101 LFW joints, the LFW process can lead 
to the formation of an intermetallic phase across the weld interface, which affected 
the mechanical properties based on the morphology and extent of the intermetallic 
phases. In general, high forging pressure resulted in the formation of a layered 
intermetallic phase (identified as Al2CuMg), which was the most detrimental to the 
mechanical properties, compared with a scattered distribution of fragmented Cu-
particles and intermetallics across the joint interface in lower to intermediate 
forging pressure.  
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LFW Linear Friction Welding 
LOP Lack of Penetration 
MIG welding Metal Inert-Gas welding 
NDT Non-Destructive Testing 
OM Optical Microscope 
PWHT Post Welding Heat Treatment 
RD Rolling Direction 
RS Retreating Side 
SEM Scanning Electron Microscope 
SSM Semi-Solid Metal 
SSSS Super-Saturated Solid Solution 
SZ Stirring Zone 
TEM Transmission Electron Microscope 
TMAZ Thermal-Mechanical Affected Zone 
UTS Ultimate Tensile Strength 
WD Welding Direction 
WZ Weld Zone (in linear friction welding) 
XRD X-Ray Diffraction 











With the rapid development of automobile industry and the increasingly serious problems of 
energy shortage and environmental pollution in the world, the requirements for energy saving and 
environmental protection of automobiles are becoming highly strict. According to the analysis, the 
100kg decrease of the automobile weight can lead to approximately 0.7L reduction of the fuel 
consumption per 100 kilometres[1]. On the premise of ensuring safety and comfort, reducing auto 
self-weight is of great significance to energy conservation. Therefore, lightweight materials, 
innovative structures and advanced manufacturing technology have become the main theme for 
automobile manufacturing.  
 
Aluminium, as a light weight material, are characterized by a high strength/weight ratio so that 
they allow the production of light structures without using expensive composite materials. Besides, 
aluminium alloy has the advantages of good corrosion resistance, good plasticity, unparalleled 
superiority in terms of production cost, part quality, material utilization, manufacturing technology, 




preferred lightweight material in automobile industry. 
 
Fig. 1. 1 shows the trend of aluminium content per vehicle in North American from 1975. It can 
be seen that aluminium alloys have developed rapidly since entering the field of automobile 
industry, and the amount of aluminium alloy has been increasing year by year and will be raising 
even faster. At present, the United States, UK, Germany are the countries with a large number of 
aluminium alloys used in automobiles, such as Cadillac CT6, Ford F150, Jaguar XE/XF, AudiA8, 
A2, and other body aluminium alloys. Unlike traditional cars, new energy vehicles use new energy 
as power to drive cars, which are powered by the weight of power batteries. The restriction of 
power battery mileage and the restriction of automobile energy saving and emission reduction 
policy, in vehicle design and application of materials, the lightweight of the vehicle body becomes 
the first problem to be considered by car enterprises. In some parts aluminium has become the 
primary choice of new energy automobile manufacturers. For example, Tesla model S and X have 









There is a continual requirement to make things perform better, be more predictably reliable, cost 
less, and use less energy. This often leads to requirements to make components for them that are 
complex shapes or that have properties that vary from one location to another. These requirements 
are often difficult or expensive to satisfy by conventional machining and mechanical processing, 
but joining allows us to make complex shapes, potentially of materials with different properties. 
The disadvantage is that, often, joints require mass to be added to a design to carry the locally 
increased forces surrounding the joint. Alternatively, the joint must be prepared and produced very 
carefully and may still have properties below those of the parent material. Extra mass or reduced 
properties (again requiring extra mass) increase the raw material costs and typically reduce the 
energy efficiency of the final product. 
 
Friction welding (FW) offers an extremely promising way to make joints with minimal 
requirements for extra mass and with extremely good final product properties showing very low 
distortion. Friction welding is a solid-phase joining technology, which means no metal melting 
occurs during the welding, with the characteristic of high joint performance. Particularly for 
aluminium alloys appealing advantages are the solid-state joining nature of the process so that it 
can avoid the formation of Al2O3 which can quickly cover the weld at high temperature and the 
extreme hardness causes the failure of the joint. Consequently, all the aluminium alloys have good 
weldability for friction welding (see Fig. 1. 2). Besides, all the FW processes are very reliable and 
repeatable, which are necessary for industrialization of the technology. Among these kind of 
friction welding technologies, friction stir welding (FSW) and linear friction welding (LFW) are 






Fig. 1. 2 Weldability of aluminium alloys[3] 
 
 
In automotive manufacturing, FW can be used to join the spoke and the rim of a wheel hub. The 
advanced technology of connecting two parts of a car wheel by FSW has been invented in Norway 
and successfully demonstrated by Hydro Aluminium[4]. Aluminium alloy wheels manufactured 
by FSW can greatly reduce the weight and improve the performance of the product. Moreover, it 
is suitable for large-scale industrial production. Therefore, an increasing number of wheel rims are 
also being produced by conventional friction welding. In Germany, a fully automated 
manufacturing cell has been built by Kuka to join the rim and the wheel disc of hollow-spoke alloy 
wheels by rotary friction welding in mass production. This is an economic way to produce 
lightweight wheels with only a 6 second welding time and achieve a weight reduction of 27% for 
the front wheel of a sport car[5]. LFW has rarely been used in civil field due to the equipment 
barriers. However, it is appropriate for the connection of dissimilar metal materials such as 




application prospect in civil areas including automobile and electric appliance[6, 7]. 
 
The application researches of friction welding technology in aerospace, marine, military and other 
fields have been promoted, some of which have been industrialized and achieved considerable 
economic benefits[8, 9]. The representative organizations working on friction welding are the 
Universities of Birmingham, Manchester, and TWI (UK), Tohoku University (Japan), 
Northwestern Polytechnical University and China FSW Centre (China), University of Ulsan 
(South Korea), among others. Currently, linear friction welds are already being used in high 
performance parts in aircraft engines. The friction stir welding family of applications (FSW, FSSW 
(friction stir spot welding), FSP (friction stir processing), etc.) are used in the manufacture of 
structures utilising aluminium alloy plates of every grade. However, in friction weldments, defects 
can influence the properties, for example, mechanical, fatigue, etc., with varying degrees. Research 
on FW is expected to encourage the further spread of this technology in the industrial field, notably 
by getting a clear understanding of the defects in the FW joints and the mechanisms of the defect 
formation. Simultaneously studying the effect of the various defects on the material properties in 







The aim of this study is to establish a fundamental relationship among processes, microstructure 
and property development during FW, e.g. FSW and LFW, which have broad application prospect 
in automobile field. A special focus is on the defects in the FW joints, with the system investigation 
on the effect of the various defects on the mechanical properties of the welds. Materials related are 
similar AA5xxx series Al alloy, dissimilar alloys between a wrought Al alloy (AA6xxx) and a cast 
Al alloy (A3xx), as well as different materials between Al alloy and pure copper. A special focus 
is on the defects produced in the FW process. The specific objectives to achieve are: 
 Experimental research on the influence of the welding parameters or welding heat input on 
the formation, morphology and distribution of the defects produced in the welding processes, 
as well as the crystallographic morphology and mechanical properties of the friction welds. 
 Investigation of the microstructure of the FSW and LFW weldments, to identify the type of 
the defects which are produced in the welding procedure, as well as the defect which dominate 
the mechanical properties of the welds, and hence the influence mechanism on the failure of 
the weldments. 
 Establishing the link among welding parameters, welding heat input, mechanical properties of 
the weldments and microstructural characteristics, especially micro-defects in the welds e.g. 
kissing bond or intermetallic particles, and the effect of these microstructural characteristics 
on the mechanical properties of the welds, for example hardness and tensile properties. 
 
This thesis is divided into 7 chapters. The chapter 2 is literature review. In chapter 2, the general 
introduction of the Al alloy materials for welding involved in this dissertation is presented, 




focusing on the microstructures, intermetallic phases, mechanical properties, and strengthening 
mechanism present in these alloys. Besides, the present research status on friction welding of Al-
X similar/dissimilar welds is reviewed, summarising the influence of the process parameters on 
the microstructure and the mechanical properties, as well as the various types of the defects, 
concentrating how they affect the microstructure and mechanical properties of the friction welds. 
In addition, the physical metallurgy behaviour of the welding process for dissimilar materials Al 
and Cu is also reviewed. Detailed description of the experimental techniques used in this study is 
presented in chapter 3. The results and discussions are presented in chapters 4 to 6, detailed 
characterisation of the defects and their effects on the microstructure and mechanical properties in 
friction stir butt welding, friction stir lap welding, linear friction welding, respectively. Chapter 7 
summarises the conclusions of this study as well as the possible future work. The appendix 
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The literature review begins with a general introduction of the base metals for friction welding 
involved in this research including AA5083, AA6061, A356 aluminium alloys as well as pure 
copper which is friction welded to AA5083, followed by a detailed review of the macro/micro 
structures and mechanical properties of the Al-X friction welding joints. At last, the various defects 




AA5083 is a typical Al-Mg system alloy, which has medium strength, good weldability, and 
excellent corrosion resistance. It can also be processed into sheet, bar, profile, pipe, wire and other 
complex shapes. Therefore, AA5083 has been widely used in automotive industry, as 
manufactured into vehicle body panels, body interior plate, heat insulation, and other light-weight 
semi-products [1], showing a significant effect on reducing the weight of the vehicle body [2]. 
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The chemical composition (in weight percent) of AA5083 according to ASTM B209M standard 
is: Mg (4.0~4.9%), Mn (0.4~1%), Cr (0.05~0.25%), Si (＜0.4%), Fe (＜0.4%), Cu (＜0.1%), Zn 
(＜0.25%), Ti (＜0.15%) and Al (balance). Fig. 2. 1 shows the equilibrium phase diagram of Al-
Mg binary alloys. Mg is a major alloying element in Al-Mg alloy, with the maximum solubility in 
aluminium is up to 17.4%. The AA5083 is a kind of aluminium alloy that cannot be strengthened 
by heat treatment, due to the difficulty in precipitation phase nucleation, and the large size for 
precipitation phase, and thus the aging effect of the alloy is poor. Mg is preferentially deposited 
on the grain boundary mainly in the form of Mg2Al3 in the alloy, so that the alloy has the tendency 
to produce intergranular crack and stress corrosion [3]. Mg can obviously improve the strength of 
aluminium without excessively reducing its plasticity. 
 
 
Fig. 2. 1 The binary Al-Mg equilibrium diagram. 
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The decomposition process of supersaturated solid solution (SSSS) in AA5083 alloy was identified 
by means of resistance testing, differential scanning calorimetry and transmission electron 
microscopy. The current recognized aging precipitation sequence is shown as follows: 
SSSS → G.P. zone → β” phase → β’ phase → β phase [4] 
G.P. zone was proposed by Guinier and Preston in studying the natural effect of single crystal of 
Al-Cu alloy. Now, G.P. zone has been used to refer to the pre-desolventing atomic segregation 
region in all alloys. In Al-Mg system alloys, the G.P. zone is a cluster of Mg atoms[5]. With the 
prolongation of the holding time, the G.P. zone grows into a thin sheet with a thickness of 1-2 
atomic layers parallel to the direction of the matrix <100>, coherence with the matrix. G.P. zone 
generally occurs during the short aging at low temperature after quenching, with the dissolution 
temperature approximately 60-100°C[4]. 
 
With the prolongation of aging time, the G.P. zone can change to β” phase. The metastable phase 
β” is an L12 ordered phase with the composition of Al3Mg[5]. With the increase of aging 
temperature, the G.P. zone and β” phase can be transformed into β’ phase. The β’ phase is the 
metastable phase of β, with the chemical formula Al3Mg2, the dense hexagonal crystal structure, 
and semi-coherent with the Al matrix[5]. The orientation relationship is[6]: 
(0001)β’//(001)α         [011
_
0]β’//[110]α 
When the aging temperature is 200°C, the metastable phase β’ is transformed into stable phase, 
and when the temperature is above 250°C, the β phase is dissolving. β phase has a cubic structure, 
with the chemical formula Al3Mg2, and incoherent with the matrix. The β phase has the following 
orientation relationship with the Al matrix[7]: 
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(111)β//(001)α         [110]β//[010]α 
The TEM microstructures of β’ and β in Al-Mg alloy are respectively shown in Fig. 2. 2[8]. 
 
The dominant strengthening methods of AA5083 alloy are solution strengthening and deformation 
strengthening[9, 10]. Solution strengthening is the strengthening mechanism of the strength and 
hardness of the alloy when the alloy element is dissolved into the matrix metal to form a solid 
solution. The physical essence of the solid solution strengthening is the lattice distortion hinders 
the dislocation movement, that is the interaction between defects and dislocations caused by lattice 
irregularity and distortion is the main reason for strengthening. These defects can be divided into 
three categories, lattice distortion caused by the size difference between solute atoms and solvent 
atoms, the difference of the dislocation motion, and the pinning dislocations when solid solution 
atoms converge onto dislocation lines. In order to reduce the strain energy of the system, the solute 
atomic polymer, known as Cordell Atmosphere, was formed around the dislocation, to block the 
movement of dislocations and play a reinforcing role.  
 
    
Fig. 2. 2 The TEM microstructures of β’ (left) and β (right) in an Al-Mg alloy[8]. 
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The reason for the deformation strengthening is that the dislocations proliferate due to the strong 
plastic deformation, and the dislocation jogs in the process of movement so as to reduce the 
mobility. After the interaction, many dislocations are entangled together to form the dislocation 
tangles, so the movement would be more difficult, or the deformation would be more difficult. The 
greater deformation resistance of the material results in higher strength, but lower plasticity and 
toughness. 
2.1.2 AA6061 
AA6061 is a traditional Al-Mg-Si system alloy. After heat treatment, it has high strength and good 
comprehensive properties, such as corrosion resistance and process property, sufficient toughness, 
anodic oxidation and colouring, good welding property, no change in corrosion resistance in 
welding area[11-13]. It has good plasticity at high temperature and can be used to manufacture 
thin-walled and hollow extruded products with complicated structure, which can withstand large 
deformation degree such as tensile, die forging, deep drawing, etc. AA6061 is widely used as 
structural material in sports, construction, transportation and other fields, especially in automobile 
industry, instead of steel as mechanical parts material, such as body, chassis, engine, wheel, 
machine cover, motor shell, etc. Sheets and profiles of AA6061 have been widely used in 
transportation such as subway trains, railway trains and double-decker buses[14].  
 
AA6061 is heat-treatable strengthened aluminium alloys, with the chemical composition (in 
weight percent) according to the standard ASTM B209M: Mg (0.8~1.2%), Si (0.4~0.8%), Cu 
(0.15~0.4%), Cr (0.04~0.35%), Fe (＜0.7%), Mn (＜0.15%), Zn (＜0.25%), Ti (＜0.15%) and Al 
(balance). Usually, some impurity elements such as Fe etc. are inevitably doped in the alloy[15]. 
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The addition of these impurity elements will have a complex effect on the properties of the alloy. 
For the purpose of improving the performance of the alloy, some other alloy elements are often 
added to the alloy, such as adding a certain amount of Mn or Cr, which can reduce the side effect 
of Fe on the alloy[16]. Adding a small quantity of Cu or Zn to the alloy can improve the strength 
of the alloy without significantly reducing the corrosion resistance[17, 18]. Besides, the grain size 
of the alloy can be refined, and the strength of the material could be improved by adding Ti or Zr 
[19, 20]. 
 
Among these kinds of alloying elements, Mg and Si are main strengthening elements, forming 
Mg2Si strengthening phase. The precipitation sequence in AA6061 alloy is as follows[21]:  
SSSS → Si, Mg atom clusters → Mg clusters → Mg/Si co clusters → G.P. zone →  
β” phase → β” & β’ phase → β phase (Mg2Si) 
The β” phase is the strengthening metastable phase which gives maximum strength to the alloy 
through its coherency with Al matrix. The TEM morphology of the β” phase in AA6061 is shown 
in Fig. 2. 3.[22] 
 
 
Fig. 2. 3 The precipitates of Mg2Si in AA6061[22]. 
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The maximum solution of Mg2Si phase in aluminium alloy is greatly affected by the change of 
temperature. According to the Al-Mg2Si phase diagram shown in Fig. 2. 4, the solid solubility can 
reach 1.85% at 595°C, but only 0.27% when the temperature drops to 300°C, which provides the 
possibility for heat treatment strengthening. Besides, when the weight ratio of Mg/Si in the alloy 
is greater than 1.73 which is the Mg/Si weight ratio of the strengthened Mg2Si phase, the solubility 
of Mg2Si phase in aluminium matrix decreases significantly due to the excess Mg element in the 
alloy, and the strengthening effect of Mg2Si phase is also weakened[23]. In order to avoid the 
weakening of the strengthening effect, the atomic ratio of Mg/Si in the alloy is usually no more 
than 1.73. However, it was reported that the excess Si in the alloy cannot reduce the solubility of 
the Mg2Si phase in the aluminium matrix but would decrease the intergranular corrosion resistance 
of the alloy[24, 25].  
 
 
Fig. 2. 4 The phase diagram of Al-Mg2Si (Al-rich corner) 
 
The strength of AA6061 alloy can be improved by artificial aging as well as natural aging after 
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solution treatment. Natural aging is characterized by low aging temperature and long aging time. 
In contrast to natural aging, artificial aging has higher aging temperature and shorter aging time. 
Compared with the artificial aging, the plasticity and corrosion resistance of AA6061 alloy by 
natural aging are better than that of artificial aging, but the strength is lower[26]. It should be 
noticed that AA6061 alloy has “Shelf-time Effect”. Therefore, the highest strength should be 
achieved by aging treatment immediately after solution treatment, or the strengthening effect 
would decrease if the alloy is treated by artificial aging after solution for a period of time at room 
temperature. In addition to precipitation hardening, the grain structure including grain size and 
grain morphology could also have a significant effect on the performance of the alloy[27]. 
 
2.1.3 A356 
A356 series aluminium alloy, a typical Al-Si-Mg series ternary alloy, was developed by the United 
States in the 1970s. It has excellent comprehensive properties. It not only has good casting 
properties, such as good fluidity, small linear shrinkage, no hot cracking tendency, etc. It can also 
cast thin-walled castings with complicated shapes, and can achieve high strength, good plasticity 
and ideal synthesis of high impact toughness through heat treatment[28, 29]. Therefore, A356 
series aluminium alloys have been widely used in automobile industry in the late 1980s. It has 
become the preferred material for casting aluminium wheels[30]. At present, the application of 
A356 series aluminium alloy in automobile industry is increasing with the development of light 
weight, energy saving and multi-variety development of automobile design. With the rapid 
development of automobile industry, new technology, new equipment will be used more widely 
in the automobile industry with the introduction of A356 series aluminium alloy. 




Si and Mg are the main strengthening elements of A356 alloy. The microstructure of as-cast A356 
alloy is shown in Fig. 2. 5 (a)[31]. Mg2Si phase (see Fig. 2. 5 (b)) can be precipitated during aging 
procedure, which can obviously improve the strength and hardness of A356 alloy[32]. Natural 
aging has a limited influence on the precipitation of Mg2Si, so the alloy can only be strengthened 
by artificial aging. A356 alloy has a relatively large content of Si, showing a coarse needle shape 
in the alloy, which can decrease the mechanical properties of the alloy significantly, and the cutting 
performance is also affected. Furthermore, once the needle-like structure is formed, it is difficult 
to improve by any kind of heat treatment[33]. However, if a proper amount of Na is added to the 
alloy solution before pouring, hypoeutectic structure consisting of primary Al and fine eutectic can 
be obtained, and the mechanical properties can be greatly improved[34]. Fe has a relatively low 
solubility in Al-Si alloy, so it is usually precipitated in the form of brittle Fe-rich intermetallic 
phase which is harmful to the mechanical properties of the alloy. The common precipitates are 
fishbone α Fe-rich phase and needle-shaped β Fe-rich phase (shown in Fig. 2. 5 (c, d)). The amount 
of needle-like brittle β phase grows up with the increase of Fe content, which can cut off the Al 


















Fig. 2. 5 Typical microstructures of A356 alloy[31, 32, 35]. 
(a) Optical microscopy of as-cast A356, (b) TEM image showing Mg2Si in A356-T6, (c) SEM 
image showing fishbone-like α Fe-rich phase, (d) SEM image showing needle-like β Fe-rich 
phase 
 
Apart from Mg2Si precipitation strengthening, adding modifiers into the A356 solution can change 
the morphology of silicon, refine the grain and improve the properties of the alloy. Na, Sr, Sb and 
some rare earth elements can play a role of modification in A356 alloy[34, 36-40]. Na can cover 
the silicon nucleus in the form of NaSi or dispersive colloid point in the Al solution, thus the 
growth of the crystal nucleus is inhibited. In addition, the addition of Na can increase the 
undercooling degree of the alloy, so that the coarse acicular silicon phase is modified into spherical 
and relatively fine silicon, and the (α+Si) eutectic structure changes to α+(α+Si) hypoeutectic 
(b) (a) 
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structure. Therefore, the comprehensive properties of A356 alloy can be improved by modification. 
Sr as modifier of A356 have been widely used in Al casting enterprises, because the effective time 
of refining is long, and it has no pollution to the environment. However, the latency period of Sr 
modification is long, which can easily cause the hydrogen absorption and form shrinkage pores. 
Sb can refine the eutectic silicon which is transformed into spherical form by heterogeneous core 
Mg3Sb2, so that the effect of refinement and metamorphism is obvious. However, with the change 
of cooling rate of casting, the modification effect of Sb is also changed, having better effect for 
metal die casting than sand casting. Besides, the rare earth elements such as La and Ce are also 
good modifiers for A356 alloys, but the rare earth elements are easy to oxidize and form brittle 
compounds with relatively high solution point during the modification process, which results in 
segregation and damage of mechanical properties. 
 
The mechanical properties of as-cast A356 alloy are low, which cannot meet the needs of 
application. The comprehensive properties of castings can be improved by heat treatment (shown 
in Fig. 2. 6)[41]. Heat treatment of has the following main purposes, which are, to improve the 
comprehensive mechanical properties of the alloy, to eliminate the internal stresses in the castings, 
and to eliminate the composition and microstructure segregation. A356 alloy castings can be 










Fig. 2. 6 Variations in the tensile properties as a function of (a) solution and (b) aging time for 
A356[41]. 
 
2.1.4 Pure copper 
Copper is a transition element, with the atomic number of 29. Pure copper is a soft metal, with 
excellent heat and electric conductivity. The elementary substance of copper is in purplish red 
colour. The melting temperature of copper is 1083°C and the density is 8.9 g.cm-3 (solid state), 
which is approximately three times heavier than aluminium. Pure copper is mainly used to make 
electrical equipment such as electrical generators, busbars, cables, switchgears, transformers was 
well as heat conduction equipment including heat exchangers, pipes, plate collectors for solar 










Fig. 2. 7 FCC lattice of copper 
 
Copper has a face centred cubic lattice (FCC, Fig. 2. 7). The grain structure of the cast copper is 
composed of equiaxed grains of varying sizes. Besides, porosities can be observed in the 
microstructure because of the hydrogen evolution and shrinkage during the solidification process 
(Fig. 2. 8 (a)) [42]. However, no defects as gas pores can be detected in the wrought copper 
morphology, which consists of polyhedral grains with uniform size. In addition, annealing twins 








 Fig. 2. 8 Microstructures of cast pure copper (a) and wrought pure copper (b)[42]. 
 
(a) (b) 
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The mechanical properties of copper depend significantly on the temperature as well as the 
structure states. As can be seen in Fig. 2. 9, copper has good strength and elongation at room 
temperature. While, the strength properties decrease significantly with the increasing temperature. 
Besides, from ~200°C to ~500°C, the ductility of the copper drops and then increases form 500°C 
with the increasing temperature. Moreover, cold forming can influence the mechanical properties 
of copper significantly. With the increasing extent of cold forming, the tensile and yield strength 
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2.2 Macro/micro  structure  and mechanical  properties  of  Al‐X 
friction welds 
2.2.1 Structure evolution 
2.2.1.a FSW of similar Al alloy 
An FSW butt joint can be divided into several zones, according to the extent of deformation and 
thermal input of the material within each zone. As shown in Fig. 2. 10[43], the microstructure of 
the base material shows elongated grains, while the centre of the weld, where the material 
experiences the maximum level of deformation and thermal input, is named as stirring zone (SZ), 
showing fine equiaxed recrystallised grains. In comparison, the thermal-mechanical affected zone 
(TMAZ) in the weld is characterised by severely deformed and distorted grains, which exists close 




Fig. 2. 10 Transversal section of the weld seam of the Al-Mg-Sc FSW joint by optical 
microscopy (a) macrograph showing overview of the joint with respective weld zones, (b) the 
microstructure of the HAZ/ TMAZ of the advancing side and in (c) HAZ/ TMAZ of the 
retreating side [43]. 
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Fig. 2. 10 displays a typical macro/microstructure profile of an Al alloy FSW cross section, 
showing the plane vertical to the tool feed direction. As can be seen, the outline of the weld nugget 
is clearly illustrated, as well as the deformation flow in the TMAZ. Besides, no significant defect 
is found in the microstructure. However, it is difficult to show the grain boundary using optical 
microscopy, due to the complex heat and deformation of the weld material during the FSW process, 
resulting in the nonuniformity in the weld microstructure (Fig. 2. 10 b and c). Based on the 
temperature trace during the FSW process [44], the material in heat affected zone (HAZ) can reach 
the temperature from 250°C to 350°C depending on the welding parameter, which determines the 
heat input (HI) during FSW. Therefore, the phase structure for most aluminium alloys would be 
influenced in this condition. Furthermore, in the TMAZ, the temperature of the material is 
measured to reach from 350°C to 450°C and server deformation is accompanied, resulting in 
torsional elongated and partially recrystallised grains in TMAZ. In the SZ, the temperature is 
expected to reach above 500°C, which exceeds the recrystallization temperature of Al, so that the 
entirely recrystallised grains with the size usually less than 10mm are produced. Therefore, it is 
not possible to measure the grain size of FSW joints by means of optical microscopy, due to the 
extremely fine grain size in the SZ as well as the low grain boundary contrast in TMAZ and HAZ. 
 
In recent researches, EBSD has been widely used in characterising the grain structures of FSW 
joints. Etter et.al.[45] used the EBSD technique to investigate the microstructures of FSWed 5251-
O plate from BM to SZ. It is shown in Fig. 2. 11 that, the BM grains are around 100μm long and 
35μm high in the O sample. In HAZ, the initial grain microstructure of BM is still visible. In 
TMAZ of the 5251-O, grains are clearly rotated and elongated by plastic deformation. The SZ of 
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Fig. 2. 11 EBSD images of the FSW 5251-O joint at different regions. (a) BM, (b) HAZ, (c) 
TMAZ, (d) SZ [45]. 
 
2.2.1.b FSW of dissimilar Al alloys 
The application of the FSW of aluminium alloys is growing rapidly, especially in the aerospace 
and automotive fields [46]. The recent researches have focused on the FSW technology for the 
connection of dissimilar Al alloys, especially a wrought Al alloy and a casting Al alloy, which has 
been recognized as impossible by traditional fusion welding. It has been found many applications 
(a) (b) 
(c) (d) 
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of welding a wrought Al alloy to a casting Al alloy in fabricating airframe, automotive wheel and 
missile components etc. because the design of the components can be more flexible and efficient 
by fixing better-performance wrought materials at high loading points [47]. 
 
Lee et al. [48] conducted a detailed microstructural experiment of the FSW of A356/Al 6061 
dissimilar alloys, and the results showed that the microstructure of the FSW dissimilar alloys is 
the mixed structures of both materials. The flow behaviour of the materials during FSW procedure 
was investigated. The results showed that the material of the SZ was mainly composed of the 
material located at the retreating side (RS) (as shown in Fig. 2. 12[48]). Moreover, as the strength 
of Al 6061 is much higher than A356, the strength of the welds was better when Al 6061 was 
located at RS. 
 
 
Fig. 2. 12 The macro cross-section views of friction stir weld zone. Left figures are A356 fixed at 
the retreating side and right figures are 6061 fixed at the retreating side. (R) represents retreating 
side and (A) represents advancing side[48]. 
 
Lap joint configuration is also being widely used in joining aluminium alloy structures in 
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automotive and aerospace components [49]. Therefore, studies have been reported on friction stir 
lap welding (FSLW) of aluminium alloys [50-52]. Researches shows that it is more difficult in 
preparing an FSLW joint with well performance compared to the FSW butt joint. Lee et al. [53] 
prepared AA6061 and AA5052 FSLW welds and researched the microstructures and properties 
under different parameters. It was found that higher tool rotation angular velocity and/or lower 
tool traverse line speed which means higher heat input might result in lower material mixing and 
mechanical properties in welded zones (see Fig. 2. 13). 
 
 
Fig. 2. 13 Optical images of lap-jointed AA6061 and AA5052 with various welding conditions: 
(a) 1250 rpm, (b) 2,500 rpm, and (c) 3600 rpm at fixed 267 mm/min, while (d) 127 mm/min, (e) 
267 mm/min, and (f) 507 mm/min at fixed 1,600 rpm[53]. 
 
The lapping interface is an important feature of FSLW of aluminium alloys. Detailed analysis of 
the lap welds of AA6060 by Yazdanian et al. [54] have been conducted to identify the hooking-
related features around the welding interface as well as their influence on the strength of the welds. 
The effect of rotation speed and welding speed on hook size was studied. It was suggested that the 
increase of stir zone size as rotation speed increases was the result of increase in temperature of 
stir zone. The hook size would increase rapidly when the stir zone size increased. It was also found 
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that when the hook size was ＜30% of the plate thickness, the fracture property was not 
significantly influenced by the hook size, however, when it was ＞30%, the fracture property 
started to reduce rapidly, with the increasing hook size area. 
 
2.2.1.c LFW weldments 
Linear friction welding (LFW) is a rapidly growing solid-state joining process, which has been 
successfully applied in various components, notably for producing integrated bladed disks 
assemblies (blisks) in aeroengines[55, 56]. During LFW, the workpieces are firstly brought into 
contact, followed by oscillating one workpiece, while maintaining the other stationary. Frictional 
heating, combined with plastic deformation, results in a rapid temperature increase, creating a 
sideward extrusion of the softened material in the form of the typical “flash” and resulting in an 
axial shortening in the height of the workpieces, thus achieving consolidation within seconds. The 
weldments of linear friction welds are shown in Fig. 2. 13[57]. Flash can be seen at the interface, 
due to the extrusion of the plasticised material during LFW procedure. Besides, with the different 
materials being welded, the shape of the flash is usually various, because the flowabilities of the 
plasticised materials are not the same. Therefore, the length or the extent of the flash is different 











Fig. 2. 14 Linear friction welds of (a) titanium and (b) waspalloy[57]. 
 
For linear friction welds, there is no widely accepted nomenclature for microstructural regions, but 
based on a nomenclature according to the common welding and has been widely accepted for 
friction stir welding, four regions are defined as base material (BM), heat affected zone (HAZ), 
thermal-mechanical affected zone (TMAZ), and weld zone (WZ) (maybe slight difference in the 
statement in different literatures)[57]. BM is the material at some distance from the interface, and 
no difference is found in microstructure or properties of the BM. HAZ is the region where the 
microstructure and properties are influenced only by the friction heat, so that no plastic 
deformation occurs in HAZ. Changes are probably in grain size, hardness, and precipitate 
morphology, etc. TMAZ is the region where the material has been introduced heat as well as plastic 
deformation (see Fig. 2. 15 (d)). Moreover, phase transformations might also happen in most Al 
alloys in TMAZ. SZ has distinctive microstructure in the FSW of Al alloy, with the 
characterization of extremely fine equiaxed grains (see Fig. 2. 15 (c)), because of recrystallisation, 
and/or phase transformations [58].  
 





Fig. 2. 15 Microstructure of a Ti-64 linear friction weld. (a) and (b) BM; (c) WZ and (d) 
TMAZ[58].  
 
2.2.2 Mechanical properties of Al-X friction welds 
2.2.2.a Hardness distribution 
Aluminium alloys can be divided into heat-treatable Al alloys and non-heat-treatable Al alloys, 
which have different distributions of hardness throughout the FSW welds [59]. During the FSW 
process, the heating temperature of the HAZ can usually cause the recovery of the material as well 
as coarsening of precipitates, resulting in hardness changes. The TMAZ has a significant change 
in grain size as well as a heat influence, which may show a slightly higher hardness than HAZ due 
to the work hardening. The SZ has recrystallised grains, where high hardness is detected in heat-
treatable Al alloys due to the refinement of precipitates, or low hardness in non-heat-treatable Al 
alloys due to the recrystallization softening [60]. 




Therefore, in heat-treatable aluminium alloys, the hardness depends more on the size and 
distribution of the strengthening phases than on the grain size. Usually, with the increasing 
temperature or heat input, the hardness of the corresponding zone would decrease due to the 
dissolution or the size growth of the precipitates [59, 61]. 
 
In the FSW joints of heat-treatable 6xxx series Al alloy, the hardness is usually reduced in the SZ. 
While in the HAZ, the temperature reached would have an over-ageing effect on the material (The 
BM is usually in T6 peak aging state) as well as a decrease in dislocation density, resulting in the 
reduction of the local hardness. The TMAZ usually has the lowest hardness throughout the FSW 
of 6xxx series Al alloy, because of the significant annealing effect in the TMAZ. Furthermore, 
partial recrystallization happens close to the interface of TMAZ and SZ, which is severer in the 
advancing side (AS), than the retreating side (RS). Therefore, the minimum hardness is found in 
the TMAZ close to the RS [62, 63]. Fig. 2. 16 shows the hardness profile of FSW Al 6082-T6. It 
was found that the average hardness of the weld was approximately 33% lower than the parent 
material, and the lowest hardness was found in the TMAZ closed to the RS [63, 64].  
 
 
Fig. 2. 16 Hardness profile through the Al6082-T6 FSW joint thickness[64] 




However, in the non-heat-treatable aluminium alloys, the hardness of the weld is not softened. 
Sato et. al. [65] found that in FSW Al1080-O, the hardness in the SZ was slightly higher compared 
with its parent material, because of the fine grain strengthening due to the presence of recrystallized 
grains even though the weld zone had a relatively low dislocation density. TMAZ was composed 
of sub-grain structure, so that the maximum hardness was found in this area. The hardness 
investigation of Al 5083-O FSW showed that no obvious difference was found throughout the 
weld, because the hardness of this alloy is determined by the dispersion strengthening [61]. 
 
For LFW weldments, the hardness usually depends on whether or not intermetallic is formed at 
the interface. For example, in the hardness profile for LFW welded 2124Al/25 vol.% SiCp 
composite shown in Fig. 2. 17 [66], a decrease can be obviously detected in the welded zone by 
approximately 10% in respect to the base material, due to the concurrent effect of severe plastic 
deformation and recrystallization. Besides, the hardness comparation was conducted for the 
Al2024-Cu LFW welds with or without intermetallics at the interface [67]. The hardness profiles 
(refer to Fig. 2. 18) show that the width of the interface area is opproximately 300μm. Besides, 
hardness peaks corresponding to the intermetallics exist in this interface area; while no significant 














Fig. 2. 18 Microhardness profiles perpendicularly to the interface in the (YZ) transverse cross-
section of the Al2024-Cu LFW joint [67]. 
 
2.2.2.b Tensile properties 
The tensile strength and the ductility of FSW aluminium alloys are commonly lower than the 
parent metal [68-71]. Because the resistances to the deformation of the welds are inhomogeneous, 
due to the differences in grain size and precipitate size/distribution in different welding zones. 
 
The FSW heat-treatable aluminium alloys usually have a welding efficiency (σW/σBM %) range 
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from 65 to 96%. However, it is significantly higher than traditional fusion welds [59]. In the tensile 
tests, the fracture often occurs in the HAZ of the welds particularly for heat-treatable Al alloys, 
where a marked hardness gradient was observed [72, 73]. Tensile properties are significantly 
influenced by welding parameters. The research on FSW of Al 2024-T4 FSW found that the tensile 
strength was enhanced by controlling the ratio of the tool feed rate / tool rotation speed [59]. It was 
also found that with the decreasing thickness, the aluminium plates often got a higher welding 
efficiency [59]. Fig. 2. 19 compares the mechanical properties of Al 6082-T6 and Al 6061-T6 butt 
welding joints prepared by FSW and MIG welding [63]. The FSW joints showed the tensile 
strength efficiency of 70% and yield strength efficiency of 51%, which were much higher than the 
MIG welding.  
 
 
Fig. 2. 19 Tensile deformation curves of MIG and FSW welds of 6082-T6 and 6061-T6 [63]. 
 
Most researches have focused on FSW butt welding, however, other configurations including lap-
welding, T-welding, etc. can be widely used in the industry. Cederqvist et.al.[74] studied the FSW 
lap joints for Al 2024-T3 and Al 7075-T6, with various welding parameters, resulting that the 
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welding efficiencies of 86% could be achieved, close to FSW butt joints. FSW lap-welding of Al 
2024-T3 was also prepared by Papadopoulos et. al. [75]. It was concluded that the mechanical 
properties could reach the level of BM if the process was well controlled.  
 
It has been proposed that the FSW of dissimilar Al alloys especially castings and wrought alloys 
may have wide application prospects in fabricating airframe, automotive wheel and missile 
components etc. because the design of the components can be more flexible and efficient by fixing 
better-performance wrought materials at high loading points [76]. There are researches on 
mechanical properties of FSWed between a wrought Al alloy and a cast Al alloy in the literature. 
Lederich et al. found in an FSW of casting D357 and wrought Al 2024 that it has an extremely low 
tensile elongation for the weld [77]. Lim et al. explained this extremely low tensile properties 
referred to the FSW of dissimilar metals by researching the tensile behaviour of FSWed A356-
T6/Al6061-T651 bi-alloy plate. The results showed that the tensile elongation of the FSWed bi-
alloy plate was significantly lower than that of the base metal and the FSW of the same material 
of A356-T6 and Al 6061-T651. In the FSW of dissimilar alloy plates, the cluster of Si particles 
was detected locally around the fracture, which appeared to be as an initiation of fracture during 






















Fig. 2. 20 Microscopic cross-sectional views of the FSWed samples [77]. 
(a) 6061-A356 FSW, fracture in A356 side, (b) 6061-A356 FSW, fracture in zigzagged 
boundary, (c) A356-A356 FSW 
 
Besides, the present study of A356-Al6061 FSW revealed that the fragmented eutectic Si particles 
in the weld zone of A356 side would have a significant influence on the Al6061 side, by means of 
the precipitation of acicular Si particles [77]. 
 
Ghosh et al. [78] conducted a detailed research on the influence of process parameters on the 
microstructure and properties of FSWed AA6061 and A356, under different tool rotation and 
traversing speed. It was found that tool rotation speed and feed rate have significant influences on 
the microstructure of welds. Welding at low rotation and traversing speed of the tool resulted in 
the refinement of the AA6061 grain size, reduction in residual stress, decrease of recovery–
recrystallization effect, as well as the improvement of Si phase distribution, etc. Therefore, all 
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these factors have synergistic effect in improving the mechanical properties of the dissimilar welds.  
Tehyo et al. [79, 80] prepared SSM356-6061 FSW joints and research the effect of the welding 
parameters on the properties of welds. The results showed that high tool rotation speed resulted in 
the increase of the ultimate tensile strength for SSM356. Besides, the elongation increased with 
the increasing tool rotation speed. The optimised welding parameters was found at the tool rotation 
speed of 2000 rpm and the tool feed rate of 80 mm/min.  
 
Linear friction welds of similar Al-base alloys usually have acceptable mechanical properties 
compared with fusion welding than the base material. In 8009 [81] aluminium alloy (Al-Fe-V-Si) 
LFW joints, a slightly decrease of 14-16% was shown in strength at the welding interface 
compared with the base material. The over-aging or dissolution effect on the strengthening phases 
during the LFW process could be significant resulting in the reduction of the welding strength. 
Welds in AA5083–O (non-age-hardening and fully annealed) showed increased strength at the 
welding interface compared with the base material [57]. Besides, the LFW of aluminium matrix 
composites have also been reported [82-84], and results showed that the welds have good tensile 
properties. For example, in Al2124/SiCp LFW joints [83], it was reported that the ultimate tensile 
strength was 82% compared to the base material, and the decrease was due to the heavily orientated 
plastic flow characteristic of the TMAZ. 
 
However, it shows relatively poor strength of LFW joints for Al-X dissimilar materials, for 
example of Al-Mg LFW and Al-Cu LFW joints which have significant potential in automotive 
applications [85].  
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2.2.2.c Fatigue properties 
The fatigue property of FSW joints is generally worse than that of the base materials in the same 
testing conditions. It was found in many studies that the fatigue property of 2024 [86], 6061 [87] 
and 7475 [88] FSW joints could get the similarity level than the base alloys, however, for most Al 
alloy materials, the fatigue property of FSW joints was significantly lower. Nonetheless, the 
fatigue property of the FSW Al alloys has far exceeded that of traditional fusion welds such as 
MIG welding etc. (see Fig. 2. 21 [89]).  
 
 
Fig. 2. 21 S–N curves of the joints of MIG and FSW of Al 5083 [89]. 
 
In general, three aspects trends to play a significant role in the fatigue property of the FSW joints, 
which are microstructure, defects and residual stress. It was well recognised that the refined 
recrystallised microstructure of FSW could result in the improvement of fatigue property than the 
coarse casting microstructure for fusion welds. Besides, the defects in FSW joints can significantly 
influence the fatigue property [90]. Fig. 2. 22 shows the typical fatigue fracture surface of the 
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friction stir welding joint with a large planar defect [91]. James et al. [92] found that the onion ring 
defect, which usually locates in the SZ, could accelerate the propagation of the cracks in Al 5083. 
Dickerson and Przydatek [93] suggested that a less than 0.35 mm depth of the root flaws in FSW 
joints could not significantly influence the fatigue property compared with the welds with no flaw 
defects. It was also found that process parameters could not play an important role in determining 
the fatigue property of the FSW joints. Moreover, residual stress is the most significant factor on 
influencing the fatigue property because the fatigue crack propagation is strongly affected by the 
R value (maximum/minimum stress ratio) during the fatigue test, if the residual stress was 




Fig. 2. 22 Large planar defect on the fracture surface of a weld made in 5083-H321 alloy[91]. 
 
A number of studies have been referred to the fatigue behaviour of FSW 5xxx series alloys. James 
et al. [92] found that fatigue lives could be influenced by tool travel speed, and high fatigue 
property could be obtained by decreasing the tool travel speed. Moreover, it was also found that 
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the onion ring defects may act to reduce the fatigue life. Zhou et al.[95] found that the kissing bond 
would significantly affect the fatigue properties of the FSW Al5083 (see Fig. 2. 23). The crack 
initiation was found from the root tip of the kissing bond, and the crack path was exactly along the 
kissing bond defect. Apart from 5xxx alloy, the fatigue properties of FSW 6xxx series alloys were 
also widely investigated mostly for 6056 [96, 97], 6061[98] and 6082[99] alloys. It has been found 
that the dynamically recrystallised grains could restrict the fatigue crack propagation compared to 
the parent metal microstructure which are usually elongated grains. 
 
 
Fig. 2. 23 S-N curves of sound welds and the welds with kissing bond (Al5083)[95]. 
 
Compared to the friction stir butt welds, there is much less information accessible on FSLW. 
However, recent work by Huang et al. [100] found that optimised tool design could have a 
significant improvement on the FSLW joints because it can increase the volume of the material 
around the interface and can also decrease the hooking defect. Besides, Cantin et al. [101] also got 
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the results for FSLW in Al 5083 by an optimise designed tool. It was found that using complex-
structured tool could improve the properties of FSLW joints. Fersini et al. [102] has considered 
both straight line defect and hooking as cracks with the aim of the prediction for the fatigue life 
using FEM, finding that the fatigue lifetime is the time for crack propagation to a certain length. 
  




As a solid-state joining method, friction welding does not suffer from the defects related to fusion 
welding such as porosity or slag. Because no melting occurs for the base material in the weld zone 
during the friction welding process.  
 
Friction welding can be considered as a hot working process of the material. During the friction 
welding process, heat is required to promote the deformation of the material, but can also reform 
the microstructure through recovery, recrystallisation, grain growth and reorientation. As a result, 
the welding joint generally has different zones according to the extent of heat and deformation the 
material suffered, which means inhomogeneous in the weld zone, and therefore trends to form the 
defects [103]. Hence, if the friction welding process is in the condition of too hot or too cold, 
defects could occur during the process [104]. In terms of achieving the mass balance in the friction 
welding process, the control of material flow is necessary, generally in the way of control the heat 
input in the welding process, and fundamentally the welding parameters. For example, in FSW, 
low heat input may result in the insufficient material flow which leads to the defects of non-
bonding, volumetric or void formation, while a too high heat input can lead to the defects of flash, 
the nugget collapse, as well as other microstructure changes as grain growth, etc. which can reduce 
the mechanical properties [104].  
 
These defects which are significantly affected by welding parameters can usually be observed in 
macroscopic view. However, there is another type of defects which cannot be detected in 
macroscopic view. These joints, which are occasionally comparable with defect free joints, contain 
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micro-scale defects as oxide layers within the weld nugget, as well as the intermetallics generated 
during friction welding process, etc. [50, 105-107] 
 
The images of common defects in friction stir welds are shown in Fig. 2. 24. Many investigations 
have found that both macro-scale defects and micro-scale defects can affect the static and dynamic 




Fig. 2. 24 Defects in friction stir welds[104]. 




Fig. 2. 25 The tensile properties of friction stir welded aluminium alloy 6013-T6 for LOP (lack 
of penetration) and oxide defect compared against the parent alloy[104]. 
 
 
Fig. 2. 26 Index of weld quality with reference to the fatigue properties (IQF) of friction stir 
welded aluminium alloy 6013-T6 for LOP and oxide defect compared against the parent 
alloy[104].  
 
2.3.1 Macro-scale defects 
 Tunnel defect 
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A typical microstructure of void defect at the advancing side of a friction stir weld is shown in Fig. 
2. 27a. Similar microstructure can also be detected near pin base position (Fig. 2. 27b) [108]. This 
kind of continuous tunnel defect can be controlled through the tool tilt or the optimization of the 
tool geometry. Fig. 2. 27c shows another form of void defect near the weld surface [109]. Generally, 
these defects above are not on the surface of the weld, so they cannot be observed visually or 
through surface inspection. However, X ray inspection NDT can easily detect these defects. Void 
defect or named tunnel defect for the whole length of the weld can be attributed to a number of 
reasons, including relatively lower weld pressure, over speed of tool feeding, insufficient tool 
rotation speed, or failed in controlling the gap between the two plates [110]. When the weld 
pressure is low, the weld would not get enough forging force from the tool shoulder in well 
connection. When welding at a too high feed speed, or a too slow tool rotation speed, the weld 
plates would not get enough stir effect, hence, the material cannot receive enough heat or 
temperature for plasticising, which lead to the incomplete connection [110, 111]. Colegrove and 
Shercliff [108] found that the tunnel defect shown in Fig. 2. 27b formed near the base of the pin 
was due to insufficient forging of the tool shoulder, and it can be solved through using the rounded 












Fig. 2. 27 Characteristic void flaws in friction stir welds [109]: 
(a) volumetric flaw; (b) tunnel defect; (c) surface defect 
 
Mathematical modelling has been introduced to predict the presence of tunnel defects of the 
friction stir welding joints [108, 113]. Bendzsak et al. [113] illustrated the ‘chaotic’ motion at the 
interface of the two weld plates in FSW. The models predicted the material flow of this zone close 
to the advancing side, and found that the origin of tunnel defects was at the interface towards the 
advancing side [108]. The defects were due to the unsuitable welding parameters, including over 
speed of tool feed or too low speed of tool rotation. It was found that when the tool feed rate 
increased, or the tool rotation speed decreased furtherly, the tunnel detect would be enlarged and 
moved to the top surface, therefore a groove defect formed [114]. FSW could be considered as 
such a process which a void formed behind the welding tool and afterwards filled quickly by the 
plasticised material pushed by the following turning of the tool. When the welding parameter was 
not appropriated, the void could fail to be filled to form the tunnel [115]. Crawford et al. [116] 
found that the tunnel defect was easy to form under the condition of low tool rotation speed relative 
to the weld feed rate [116]. It was also found that under similar welding conditions, tunnel defect 
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could not be detected when tapered or cylindrical pins with threads was used, because the thread 
was benefit to push the plasticised material.  
 
 Voids 
Voids is a common defect in friction welding. Large voids can occur when the choice of tool and 
weld parameters is unsuitable [117], while small voids occur due to the plastic flow of the material 
in the stir zone. It was proposed that a spot in the stir zone above and below where the material 
flow is in opposite directions, formed a vortex, which could result in the creation of voids in the 
stir zone, possibly affecting the quality of the weld. It was indicated that the vortex generation may 
provide one mechanism underlying voiding in the interior of the weld nugget, while a second 
mechanism arises from the complex plastic deformation processes involved in entrainment and 
mixing of dual streams of deformed material and the overall behaviour of the plasticised zone in 
the metal [118].  
 
Voids could significantly affect the mechanical properties of the friction stir welds especially 
fatigue behaviour [119]. It was reported that voids are often associated with the initiation of fatigue 
cracks and Fig. 2. 28 indicates this association for 4-mm diameter specimen of 5083-H321 
aluminium alloy tested in reversed bend at a peak stress of 136 MPa. The influence of the void 
cluster on the fatigue strength of that particular welded specimen is evident in Fig. 2. 29; fatigue 
life has been reduced to that found for defect-free specimens at an applied stress 30% higher (180 
MPa). 
 





Fig. 2. 28 Association of voids with fatigue crack initiation site in reversed bend loading of 
5083-H321 aluminium alloy at 136 MPa peak stress[104]. 
 
 
Fig. 2. 29 Influence of void cluster on fatigue strength of 4-mm diameter FS welded specimen of 
5083-H321 aluminium alloy; fatigue life for the specimen tested at 136 MPa has been reduced to 
that found for defect-free specimens at an applied stress 30% higher (180 MPa)[104]. 
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2.3.2 Micro-scale defects 
A number of studies have considered the FSW defects that arise as a consequence of material flow 
mechanisms around the tool or of welding parameters including tool tilt or penetration into the 
joint (which has, of necessity, to be less than the full-plate depth). Commonly occurring defects 
are, for example, lack of penetration as well as root defect, that are also known as ‘kissing bond’, 
‘lazy-S’ or zigzag defect [120-122]. However, other plasticity-related defects can occur in strain 
hardening alloys which appear to be contingent upon alloy and strain condition. These fall into the 
category of partial bonds but occur in the interior of the weld nugget, often as regular sequences 
related to the tool pitch and have been described as ‘onion skin’ or planar defects [123-125]. 
Besides, for the friction welding of dissimilar materials or alloys, intermetallics could generate 
during the welding process due to the friction heat. In most cases, these intermetallics could be 
considered as a defect because it can significantly affect the properties in most cases [126]. 
Compared to macro-scale defects, these micro-scale defects are unable to be detected through NDT 
and difficult to be eliminated by optimising the welding parameters. 
 
 Lack of penetration 
Tool penetration is commonly approximately 90–95% of the plate thickness, so, lack of penetration 
defects can occur if the plate has uneven thickness along the weld line or the plate is bowed. Tool 
penetration problems lead to extruded flash at the root of the weld near the pin if the tool depth is 
too high and to long root grooves towards the advancing side of the weld if the pin is too short. 
Extra problems can arise if the distance between plates is not strictly controlled [127-129]. 
Unpublished work by the present authors has indicated that a gap of around 5% of the plate 
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thickness leads to a reduction in fatigue strength of some 10% at a fatigue life of 106 cycles. The 
induced defects are large voids and partial bonding which significantly reduce the fatigue crack 
initiation period. Chen et al. [130] also note that the generation of root defects is assisted by very 
small tool tilt angle (≤1.5°) and by higher angles (≥4.5°). They attribute this to influences of tool 
tilt angle on heat input and forging force and hence on the position of defects in the weld. At low 
tilt angles they postulate that there is insufficient downwards forging of the plasticised material 
leading to a root groove from lack of penetration. At larger tool tilt angles, weld flash can be 
generated on the retreating side with insufficient plasticised metal remaining to fill up the void left 
in the stir zone. 
 
 Joint line features 
Joint line feature is a kind of micro-scale structure characterization usually located through the 
weld cross-section, originating between the butt weld plates. These structure characterizations 
which are considered as defects have been reported by several researches commonly for most 
aluminium alloys [131, 132]. It was found that these defects are consist of Al oxides and maybe 
hydroxides which are generated due to the aluminium-based material contact with ambient 
atmosphere [133]. Therefore, during FSW process, the surface which includes oxides is segregated, 
at the same time, stirred into the weld. Because of the very thin layers as the oxides, the joint line 
feature is difficult to be detected by X-ray NDT but can be easily observed by optical microscopy. 
It often seems as a very thin zigzag curve [134]. Fig. 2. 30 shows the example of such features, 
which can be little more than a string of inadequately dispersed oxide particles, originating from 
the surfaces of the butt-welding plates.  





Fig. 2. 30 Joint line remnant in friction stir welds[135] 
(a) oxide defect, (b) magnified view showing increased oxide inclusion level, (c) schematic of 
joint line remnant 
 
Sato [127], Okamura [132] and Staniek [136] have investigated these defects of FSW Al alloy by 
means of electrical microscopy technology. Sato et al. [127] confirmed the joint line feature using 
TEM as Al2O3 particles. It was also found that the joint line feature was formed due to the presence 
of the natural aluminium oxide on the surfaces of the welding plates [132]. Moreover, the extent 
of the joint line feature could be influenced by the welding parameters, for example, increasing the 
welding speed can decrease oxide stirring into the weld [134]. Besides, the optimization of tool 
geometry could also help limiting these defects [132]. Consequently, if well controlled, the joint 
line feature could be innocuous to the weld quality [137]. In other studies, marking material 
experiments were used for tracing the surface material of the butt plates during the FSW procedure, 
suggesting that the final position of the initial surface shows a zigzag line [138, 139].  
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It is well recognized that the depth of penetration of the welding tool is significant for the material 
mixing throughout the full thickness of the welding plates. If the incorrect length of tool pin is 
used, for example, too short, the root place of the plates would not be well connected, remaining a 
root flaw, which is the origin of the joint line defect, or seriously, a complete lack of bonding [109] 
(Fig. 2. 31). In this situation, the welding quality improves close to the SZ. Consequently, a 
transition region forms as a weak bond, which is commonly known as a ‘kissing bond’, becoming 
widely accepted.  
 
 
Fig. 2. 31 Characteristic root flaw in FSW 2014A caused by using a too short pin in 5083 
alloy[109] 
 
How the joint line defect or kissing bond affects the mechanical properties of the FSW joints have 
been widely investigated, but no unified conclusion has been reached due to the limitation of 
reliable methodology. Most researches have been found that the kissing bond is harmful to the 
mechanical properties of the welds. Zhou et al. [135] investigated the fatigue property of the FSW 
joints and found that, kissing bond can lead to 20–40 times shorter fatigue lives for Al 5083 welds 
and 30–80 times shorter lives for Al 2024 welds. The fatigue fracture surfaces results revealed that 
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the welds fractured from the root tip. Fig. 2. 32 shows a tyipical microstrcture of a fracture from 
kissing bond root tip [109]. Le Jolu et al. [140] found the kissing bond defect in Al–Cu–Li alloy 
FSW joints, which significantly affect the fatigue property of the welds compared to the sound 
welds. While, Kadlec et al. [88] measured the size of kissing bond in FSW AA 7475 and found 
that kissing bond with large sizes had limited influence on the mechanical properties compared to 
the sound welds. Moreover, in FSW AA2024-T351 alloy, it was found that the kissing bond could 




Fig. 2. 32 Cross-section of 5454 FSW specimen with crack after tensile test along kissing 
bond[109] 
 
Systematically investigation [104] on the influence of natural surface extent on the FSW defects 
was carried out using the method, by which an oxidation pre-treatment was conducted to create 
the oxide layers with different thickness on the surface of the welding plates, and then, compared 
the results before and after FSW. It was found that, the welding plates having relatively thin surface 
layers could generate only a slight and faint root defect. Moreover, no evidence of nugget defect 
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was detected for these welds. On the contrary, the welds with thick oxide layers showed very server 
root and nugget defects in the SZ. It was also found that the root defect was straight vertical to the 
weld surface, originating from the bottom in a distance of several 100 mm, before bending to the 
retreating side of the welds (Fig. 2. 33). 
 
Therefore, it was suggested that oxidation occurs during the process of FSW. In the present study, 
however, it was shown that the joint line features inside the welds were originated from the oxide 
layers of the welding plates. Therefore, root and nugget defects could be limited in FSW, by means 
of the removal of the naturally grown oxide layers where the two welding plates get in connection 
before welding. Besides, the oxide layers can be dispersed and disrupted by using hot welding 

















Fig. 2. 33 Optical micrographs of root- and nugget flaws formed by natural aluminium surface 
layers in 6013 T4-FSWs, cross sections [104]. 
 
 Lap welding defects 
Some types of defects particularly as voids and joint line oxides which are usually encountered in 
butt welds can also happen in friction stir lap welds, for example, kissing bond, which often appears 
in a horizontal direction throughout the plate interface. Due to the connection configuration, root 
defects can rarely happen. It was found that the features at the edges of the bonded region of the 
lap welds have a significantly effect on the weld quality as well as mechanical properties. Babu et 
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al. [142] reported that the features in friction stir lap welds could have a marked influence on the 
properties of the joints. The feature can generate form the top or bottom material determined by 
the welding parameters, leading to the reduction of the thickness of the plate. In many researches, 
the feature is named as ‘hooking’, which is usually detected at the edge of the bonded region 
towards the advancing side, easily by optical microscopy. Besides, the thickness reduction of the 
upper sheet can usually be found towards the retreating side, which can significantly weaken the 
bearing capacity of the welds (as shown in Fig. 2. 34). Apart from the welding parameters, Yang 
et al. [143] also found that the tool design had a significant effect on the morphology of the hooking 
defect, thus affecting the properties of the joints. In this research, CFD modelling was used to 
predict the change in the extent of hooking due to the tool profile modifications, which is of guiding 
significance to the tool design [144]. 
 
 
Fig. 2. 34 Lap weld defects showing hooking on advancing side and plate thinning on retreating 
side in lap welds between 7075 (upper) and 2024 (lower) alloys [109]. 
 
 Intermetallics 
Al-Cu joints that are used in the power transmission applications due to the excellent electrical 
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conductivities of Al and Cu. For Al and its alloys, the conductivity-to-density ratio is twice that of 
copper, making a strong industrial case for dissimilar Al-Cu joints for component weight reduction, 
in addition to the cost savings due to the lower cost of Al-alloys compared with Cu. Al-Cu joints 
are difficult to manufacture by fusion welding because of the significant difference in the chemical 
composition as well as physical properties for the base materials. Consequently, these types of 
dissimilar connection are usually welded through friction welding, in which base materials do not 
melt during the procedure.  
 
However, the quality of the Al-Cu friction welds depends significantly on the weld microstructure 
formed, especially the presence of intermetallic phases, due to their detrimental influence on the 
mechanical properties. Because of the differences in thermal expansion coefficients and hardness 
between the intermetallic phases and the base metal matrices, cracks may form at the interface in 
the weld metal when stressed, significantly reducing its mechanical properties. 
 
The intermetallics generated during Al-Cu friction welding process were identified in many 
research works. Elrefaey et al. [145] conducted the FSLW of 2 mm Al 1100 to 1mm pure copper. 
The resultants showed that intermetallic compounds in various morphologies were found in the SZ 
near the Al-Cu interface, including CuAl (η), CuAl2 (θ), and Cu9Al4 (γ). CuAl2 (θ) appeared black, 
CuAl (η) appeared gray, and Cu9Al4 (γ) appeared layered, which were identified by X-ray 
diffraction (XRD). The pictures of intermetallics and corresponding types are shown below (Fig. 
2. 35). Abdollah-Zadeh et al. [146] also used FSLW for the connection of 4 mm Al 1060 and 3mm 
pure copper. Intermetallic compounds including CuAl (η), CuAl2 (θ) and Cu9Al4 (γ) were 
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identified by energy-dispersive spectroscopy (EDS) in the SZ at the Al-Cu interface. Besides, Cu-
rich fragments were observed in the SZ as well. 
 
 
Fig. 2. 35 Microstructures formed in the area close to Al-Cu interface [145]. 
(a) Layer and grey structures, (b) Copper-rich fragment with layer structure 
 
Wanjara et al. [147, 148] welded Al AA6063 and pure Cu by LFW. Two types of intermetallics 
were found at Al-Cu interface (Shown as Fig. 2. 36). The EDX results of Phase 1 and Phase 2 
probably matched the composition of CuAl2 and Cu2Al, respectively. Different from FSW lap 
welding mentioned above, the CuAl2 (θ phase) and Cu2Al (probably Cu9Al4, γ phase) in LFW 
welds both showed layered structure. Besides, after heat treatment at 200℃-300℃, the layers 












Fig. 2. 36 SEM image showing two types of phases [148]. 
 
Intermetallic phases are known to have a high hardness and electrical resistivity, which are likely 
to increase the brittleness of the joint and reduce the conductivity of the joint, respectively. 
According to the limited information concerning the influence of the intermetallics on the 
mechanical properties, generally, the intermetallics have a negative effect. Bhamji et al. [85] made 
LFW welds of aluminium (AA 1050) to copper (C101). No large layers of intermetallic was 
present at the weld interface but a lot of copper particles in Al base metal near the Al-Cu interface 
(shown in Fig. 2. 37). XRD results showed only CuAl2 (θ) phase exist in the welds among all the 
Al-Cu intermetallics. In this condition, the welds showed very good mechanical properties and 
electrical conductivity. Firouzdor et al. [149] welded Al 6061 to pure Cu using a modified structure 
which significantly improved the quality of the joints for Al-Cu lap FSW. Compared the 
conventional and modified structure, the modified can be improved twice in strength and 5~9 times 
in ductility. In terms of microstructure, the fracture surface of conventional welds contains 
intermetallic compounds including CuAl2 (θ) and Cu9Al4 (γ). While in the fracture surface of 
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modified welds, dimples can be found with Cu particles in them. Therefore, intermetallic 
compounds were harmful to the properties of the Al-Cu welds. 
 
  
Fig. 2. 37 SEM pictures of Al-Cu LFW welds [85]. 
 
Besides, in Al-Mg friction welding joints, the formation of brittle intermetallic phases at the weld 
interface can significantly degrade the joint strength [150]. Bhamji et al. [151] found intermetallic 
phases Al12Mg17 and Al3Mg2 in Al6082-AZ31 linear friction weld, and these phases seemed to be 
the main reason for the welds having poorer mechanical properties than the base materials. Similar 
intermetallic phase was found in friction stir welding of 5083 Al alloy and AZ31B Mg alloy [152]. 
Layered intermetallics at the interface was detected with an identified composition of Al12Mg17 
which resulted in virtually no ductility for the welds. 
 
According to the analysis above, generation of Al-Cu or Al-Mg intermetallic compounds would 
lead to the failure of the bonding system and device, so effectively controlling the formation and 
growth of intermetallic compounds should be done for producing Al-Cu or Al-Mg solid-state 
welds with good performance. Fundamentally, controlling atomic diffusion, especially the 
diffusion of Cu or Mg atoms which can effectively prevent the formation of intermetallic 
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compounds. Adding alloy elements are done to restrict the compounds by many institutions. 
Breedis et al. [153] used Cu-15%Ni alloy to restrain the generation of Al-Cu intermetallic 
compounds in a certain extent. Besides, the method of interface transition was also proposed to 
prevent the diffusion of atoms, and thus play an inhibitory effect. Elrefaey et al. [154] made Al-
Cu FSW lap welding with a 50-μm Zn foil inserted between Al and Cu. It was found the strength 
was obviously improved due to the addition of the Zn which limited the generation of harmful Al-
Cu intermetallics. It is obvious that the zinc content in the layer structure was decreased as it was 
away from the interface (see Fig. 2. 38).  
 
 
Fig. 2. 38 Microstructure at Al/Zn/Cu interface 
  




This chapter summarises the microstructure, mechanical properties and various defects related to 
friction welding of Al-X joints. The following points summarise the current state of investigation, 
with the knowledge gap which needs further study. 
 Aluminium alloys have a broad application prospect in the field of automobile due to the 
lightweight and relatively high mechanical properties. Among them, AA6061, AA5083 as the 
representative of the wrought aluminium alloy and A356 as the representative of the casting 
aluminium alloy are the most widely used alloys. It is of great importance for the investigation 
on the rapidly developed friction welding for these materials, in order to supply the basic data 
for industry. Besides, the friction welding of Al and Cu also has good prospect, because they 
were difficult to connect using traditional fusion welding.  
 The FW which includes FSW, LFW, et al. is a solid-state connection technology. The 
microstructure of the FW joints can be clearly divided into several zones and each zone has 
its own characteristics. Generally, the weld zone has an equiaxed grain structure due to 
recrystallization, and the TMAZ has a deformed or torsional grain structure due to the 
synergistic effect of the friction force and the heat input. Because of the friction temperature 
rise, HAZ usually has coarser grains compared to the base material. Besides, the tensile 
strength and fatigue property of the FW joints are always worse compared to the base material 
but generally much better than the joints made by fusion welding. However, few reports can 
be found on the correspondence between the microstructure and mechanical properties in FW 
welds especially in LFW joints, obtained using different welding parameters. 
 Defects in the FW joints can be classified as macro-scale defects and micro-scale defects. The 
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macro-scale defects which mainly include voids, tunnel, flash, surface galling, et al. are 
produced due to the improper flow of the welding materials. These defects can be detected by 
the naked eye or NDT, and in most cases can be eliminated by optimising the welding 
parameters. The micro-scale defects are unable to be detected by NDT, and difficult to avoid 
by adjusting welding parameters. Such defects as “kissing bond” or “lazy S” are produced in 
the FSW procedure due to the surface oxidation of the original welding material especially Al 
alloys. In addition, the intermetallics are generated around the welding interface, which 
usually happens in the FW of Al to Cu or Mg dissimilar materials. However, limited 
information can be found on the effect of the welding parameters on the morphology and 
distribution of the defects, as well as the effect of these defects on the mechanical properties 
of the welds and to what extent.  
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In this study, three kinds of friction welding processes were used including FSW butt welding, 
friction stir lap welding (FSLW), and linear friction welding (LFW). For FSBW, the base material 
was 6mm AA5083-H112 rolled sheets; for FSLW, the base materials were 6mm AA6061-T6 
rolled sheets and 6mm A356 squeeze casting sheets; for LFW, the base materials were AA5083-
H112 sheets and C101 copper sheets with the dimension of 550×300×150 mm. The chemical 
compositions of all the welding materials are shown in Table 3. 1. 
 
Table 3. 1 Chemical composition of aluminium alloys and copper for welding (wt %) 
Material Temper Si Fe Cu Mn Mg Zn Cr Ti Others Al 




7.02 0.13 0.0042 0.0043 0.34 0.016 0.0025 0.13 ≤0.15 Bal.
AA5083 H112 0.4 0.1 0.1 0.6 4.0 0.2 0.15 0.1 ≤0.15 Bal.
Cu F - - ≥99.9 - - - - - - - 
 
AA5083 6 mm thick sheets were supplied by Northeast Light Alloy Co., Ltd., (China) in the H112 
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temper (hot work / cold work, then slight work-hardening to meet the specific mechanical 
performance requirements). The AA5083-H112 alloy, which has a medium strength and good 
corrosion resistance and welding properties, has been widely used in many industrial fields 
including automobile, shipbuilding, rail vehicles, etc. AA6061 6 mm thick sheets were also 
supplied by Northeast Light Alloy Co., Ltd., (China) in the T6 condition (solution and artificial 
aging). A356 sheets were supplied by Guangzhou Jinbang Non-ferrous Alloy Metals Co. Ltd. 
(China) in the squeeze casting condition. Squeeze casting is a kind of casting method, by which 
the liquid metal poured into the mold cavity is formed, crystallized and solidified at high 
mechanical pressure. It is a process between casting and forging, which has advantages of both 
processes. Copper sheets were supplied by Jiangxi Copper Corporation (China) with a hot rolling 
condition. C101 copper has good electrical conductivity, heat conduction, corrosion resistance and 
processing performance, which can be welded and brazed. 
  




3.2.1 Friction stir butt welding 
The friction stir butt welds were prepared with an FSW-3LM-4012 FSW machine located at 
Guangdong Academy of Sciences (GDAS), Guangzhou, China (shown in Fig. 3. 1). The AA5083 
sheets were cut to 100 mm × 200 mm (TD × RD), and the two sheets were fixed as the schematic 
diagram in Fig. 3. 2. Prior to welding, the surfaces of the plates especially the contact surfaces 
were ground to get rid of the surface oxide and cleaned using acetone to clear the oil contamination. 
As shown in Fig. 3. 3, the FSW were conducted using a H13 steel tool with a 15mm diameter 
shoulder and a 6 mm pin, which had a triangular conical right-hand thread. During the FSW 
process, the rotating tool (anticlockwise) with a 2.5˚ tilt plunged into the sheet and then travel 
along the RD of the plates. Three levels of tool rotation speed (800, 1000, 1200 rpm) as well as 
three feed rates (100, 200, and 300 mm/min) were chosen in this study, based on multiple trials to 
confirm that sound welds could be obtained. After welding, all the welds were air cooled to the 









Fig. 3. 1 Photograph of the FSW machine at GDAS 























Fig. 3. 3 Sketch and photograph of the welding tool for FSW butt welding 
 
3.2.2 Friction stir lap welding 
Friction stir lap welding were produced using the same equipment as friction stir butt welding. 
Prior to welding, one AA6061-T6 sheet and one A356 sheet were fixed on the FSW machine in a 
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lap mode shown in Fig. 3. 4 for welding (the AA6061 sheet was on the top). As shown in Fig. 3. 
5, the lap welding tool was also made of H13 steel with triangular conical right-hand thread, but 
slightly different in specifications, which were 20 mm diameter shoulder and 10 mm pin. Three 
levels of tool rotation speed (800, 1000, and 1200 rpm) and one welding rate (100 mm/min) were 
chosen for lap welding, and natural cooling followed.  
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3.2.3 Linear friction welding 
LFW experiments were carried out on the XMH-16 linear friction welding machine manufactured 
by Northwestern Polytechnical University, Xi’an, China (shown in Fig. 3. 6). Welding materials 
involved were AA5083-H112 aluminium to the same material as well as to dissimilar material Cu 
C101 which was 99.9% pure copper. Before welding, the friction surfaces of both samples were 
grinded with sandpaper and oil removed with acetone. Three different forging pressures 
(respectively 110, 80 and 60MPa) were chosen based on a large number of welding experiments. 
Other parameters were kept constant as welding time 5s, vibration frequency 35Hz, amplitude 
2.5mm. When welding Al to Cu, the Cu weld side was vibrated while the Al side was kept 














Fig. 3. 7 Schematic diagram of LFW process 




3.3.1 Optical microscopy (OM) 
A ZEISS Axioskop 2 MAT mot optical microscope and a LEICA-DMI3000M optical microscope 
were used to examine the optical microstructures of the samples. Base metal and weldment 
specimens were cut using an EDM at a low speed to minimise deformation. Some of them which 
were no need for electronic polishing were mounted in self-curing resin. All the specimens for OM 
were ground to 2000 grade SiC paper, polished using 9, 6, 3 and 1μm diamond suspensions, to a 
final polishing stage using a magnesia suspension finish. Particle measurements of aluminium 
alloys were carried out on polished (without etching) specimens, and a commercial image analysis 
software ImageJ was used to analyse the particle fraction in the welds according to the colour 
difference between particles and matrix. Keller’s reagent (3 ml nitric acid, 6 ml hydrochloric acid, 
6 ml hydrofluoric acid and 150ml distilled water) was used to etch the aluminium samples to reveal 
the kissing bond structures in the welds, and ImageJ was also used to analyse the length of the 
kissing bond. An alkaline reagent, named Weck’s reagent (4 g KMnO4, 1 g NaOH and 100 ml 
distilled water) was used to show the grain structure of recrystallised aluminium alloys in the SZ, 
particularly effective for showing the grain structure of recrystallised AA6061. For revealing the 
grain structure of AA5083 friction stir welds, electrolytic-etching was conducted in fresh Barker’s 
reagent (5 ml HBF4 in 200 ml H2O solution) with a stainless steel cathode for 2 minutes at 20 V. 
Besides, a solution of 5g FeCl3, 10 ml HCl, 100 ml distilled H2O was used to etch the copper 
samples to reveal the grain structure. The equivalent grain size was measured according to ASTM 
standard E112.  
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3.3.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDX) 
The sample preparation for SEM is similar to OM. Polished specimens (without etching) were 
installed in a JEOL 6060 SEM equipped with an Oxford instruments Inca 300 energy dispersive 
X-ray spectroscopy (EDX) system to observe the morphology and to analyse the composition of 
the particles, precipitates, as well as the matrix. Specimens after etching could be suitable for 
kissing bond characterization using a JEOL 6060 SEM or a JEOL 7000 FEG SEM (see Fig. 3. 8 
(a)). A JEOL JXA-8100 electron probe micro-analyser (EPMA) (at GDAS, China, shown in Fig. 
3. 8 (b)) was used to analyse the tensile and fatigue fracture surfaces. All the SEM/EPMA 
microscopies were operated at 15 kV for spectroscopy, and 20 kV for imaging.  
 
   
Fig. 3. 8 Photographs showing (a) JEOL 7000 FEG SEM at the University of Birmingham, UK; 
(b) JEOL JXA-8100 EPMA at GDAS, China 
 
3.3.3 Transmission Electron Microscopy (TEM) 
For TEM sample preparation, Φ3 mm discs were made by spark-eroding from 0.2mm thick slices 
which were collected from the welds or the base-metal. The discs were ground using 2000 grade 
SiC paper to the thickness of ~150μm, and then thinning in a twinjet electro-thinning system using 
(a) (b)
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5% perchloric acid ethanol solution at -25 ˚C with a voltage of 20 V in order to form a thin area in 
the centre.  
 
For kissing bond structure investigation in friction stir welds, the material of kissing bond region 
was cut out and thinned using a FEI Quanta 3D FEG SEM, equipped with a focused ion beam 
(FIB) system (see Fig. 3. 9 (a)) and directly examined under the TEM. FIB is an instrument which 
uses an electric lens to focus the ion beam for micro-cutting. The ion beam of the commercial FIB 
system is liquid metal ion source, and the metal material is gallium, which has low melting point, 
low vapor pressure and good oxidation resistance. The addition of electric field to the liquid metal 
ion source can cause the liquid gallium to form a fine tip, with a negative electric field to pull the 
tip of gallium, leading to a gallium ion beam. The beam was focusing on the surface of the 
specimen to achieve the purpose of cutting by physical collisions. The integration of SEM and FIB 
can be used to monitor the sample cutting during the process, so that a local slice of the sample 
can be observed. The procedure of the FIB sample collection is shown schematically in Fig. 3. 10, 
and the images of location and thinning for kissing bond samples using FIB are shown in Fig. 3. 
11. 
 
Bright-field imaging and diffraction were carried out on a JEOL 2100 TEM equipped with an 










Fig. 3. 9 Pictures showing (a) FEI Quanta 3D FIB system; (b) JEOL 2100 TEM 
 
 









Fig. 3. 11 SEM images of FIB sample collection (a) location of the kissing bond, (b) 
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3.3.4 Electron Backscattered Diffraction (EBSD) 
EBSD was used in this study for the accurate characterization of the grain structures, especially 
the recrystallised microstructures in the SZ of FSW. A Nova nano FEG SEM equipped with an 
Oxford INCA crystal EBSD system was used in this study for EBSD image photography and data 
analysis. The specimens were ground and polished similar to OM samples, and then electro-
polished in 5% perchloric acid ethanol solution at -20 ̊ C for 1 minute at 20 V and 30 mA to remove 
the residual surface damage created during polishing. The EBSD was operated for data acquisition 
at a 70° tilt angle, a high voltage of 30 kV and a square grid of with a step size of 0.5μm. Finally, 
an HKL Channel 5 EBSD software was used for data analysis.  




In this study, a heat-flux DSC 404C Pegasus calorimeter was used for the thermal analysis of the 
samples. A specimen pan and a reference pan were equipped on the heat flux plate, where the 
temperature can be recorded in the process of isothermal and anisothermal cycles. To start the 
experiment, a sample was put into the specimen pan, while the reference pan could be left empty 
or with a reference specimen. When the experiment started, the isothermal heating or cooling was 
carried out under the same conditions and a temperature difference between the sample and the 
reference material could be produced when the phase transition took place. The power 
compensation amplifier automatically adjusted the current of the compensation heating wire to 
remain the same temperature for specimen and reference. This compensation heat is the thermal 
effect of the sample, which can be recorded as the data. 
 
It was found that DSC can analyse the dislocation density of the deformed material by measuring 
the release of stored energy [1], instead of using TEM [2]. Small specimens (less than 40 mg) were 
cut from the weld transverse cross-section of the welds using an electrical wire cutting machine, 
and a fully annealed pure Al with the same weight as the specimen was taken as the reference. 
When the scan started, the temperature of the specimen and the reference increased to 420 ˚C at a 
heating rate of 20 ˚C /min and then naturally cooled down to the room temperature. After the first 
scan, the heating procedure was repeated as a second scan to determine the baseline. The change 
of the stored energy was determined according to the heat released or absorbed in the DSC peaks. 
The Proteus-NETZSCH software was used to analyse the DSC data.  
  




3.5.1 X-ray diffraction (XRD) 
XRD is a method to qualitatively analyse the phase composition of materials. Due to the regular 
arrangement of atoms or ions in the crystal, the radiation can be scattered, and the phase will be 
strengthened in the specific direction. A special X-ray diffraction phenomenon corresponding to 
the crystal structure is produced. In this study, the phase analysis of related materials was carried 
out by using SmartLab X-ray diffractometer, which was produced by RIGAKU. Cu target was 
used as anode, with 40kV working voltage and 20mA working current. The results of XRD were 
calibrated by a phase analysis software Jade and a graphics processing software Origin, 
respectively. 
 
3.5.2 X-ray radiographic testing 
Radiographic testing is commonly used on the industrial parts including welds, castings, composite 
materials, etc. for characterization of interior defects without destroying the components. In this 
study, X-ray radiographic non-destructive testing (NDT) was conducted for the FSW butt welds 
at Intertek NDT. X-ray was used to penetrate the tested weldments which were untreated after 
welding. The radiation was passed through the part and captured on radiographic film. 
  




3.6.1 Hardness Measurements 
Hardness is the most commonly used in testing the performance index in mechanical properties of 
metal materials, because of the speed and economy. In this study, contour mapping of the hardness 
measurements was conducted for both the welds as well as the base materials by an Indentec 
Vickers hardness tester. 
 
For the base materials, samples were collected in the TD-ND plane, which was the same as the 
welds tested. For the welds, hardness traces at mid-thickness as well as the contour distributions 
of the whole transversal surface were tested. The oxidation layer on the surface of the sample was 
ground with fine metallographic sandpaper before testing, and the parallelism between the top and 
bottom of the specimen was ensured. In the testing process, a 5kg force load and a maintaining 
time of 10 s were applied on the samples. The distance between the testing spots was kept more 
than 5 times larger than the length of the indentation diagonal. After unloading, the indentation 
diagonals were measured, and consequently the Vickers Hardness Numbers (VHN) was calculated 




                             (3.2) 
where P is the load in kg, d is the average length of the indentation diagonals in mm (shown in Fig. 
3. 12). Besides, the indentations were taken every other 1 mm in both horizontal and vertical 
direction on the weld faces for contour mapping. 
 
 





Fig. 3. 12 The schematic diagram of the Vickers hardness testing 
 
3.6.2 Tensile Tests 
Room temperature tensile test samples were obtained from the transverse directions of the base 
metal as well as the welds. The sample preparation method was following the standard BS EN 
1002-1: 2001 for FSW butt welding and LFW, and ASTM D1002 for FSW lap welding. The 
specifications of the tensile test samples are shown in Fig. 3. 13-15. A DNS200 universal electronic 
tensile machine was used for the tensile tests, with a tensile speed of 2 mm/min. The 0.2% proof 
stress (σ0.2) or yield strength (YS), ultimate tensile strength (UTS) and elongation were tested for 































Fig. 3. 15 Tensile specimen dimensions for LFW 
 
3.6.3 Fatigue tests 
Tension-tension fatigue test were performed to investigate the fatigue fracture behaviour of the 
friction stir butt welds in this study. Samples were cut out according to the dimension shown in 
Fig. 3. 13, using EDM. Before testing, the sharp edges of samples were ground to prevent the 
surface stress concentration using 600 grade SiC paper. The surfaces were also ground to remove 
the surface striation formed during EDM machining. The fatigue test was performed on an Instron-














Fracture fatigue samples were investigated using OM and digital camera for analysing the fatigue 
fracture type. Fracture surfaces were observed on SEM after ultrasonically cleaned in acetone, for 




Fig. 3. 16 The photograph of the Instron-8801 fatigue tester 
  




To further increase the mechanical properties of the welds, artificial aging at various temperatures 
was carried out for the welds which were cut vertical to the welding direction into specimens. Heat 
treatments were carried out in a laboratory oven, which had a temperature accuracy of ±5 ˚C. The 
heat treatment was carried out for the friction stir lap welds of AA6061-T6 and A356, to precipitate 
the strengthening phase (Mg2Si for AA6061), followed by water (~25°C) cooling. After the heat 
treatment, hardness tests were carried out to simply reflect the effect. 
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As reviewed in Chapter 2, AA5083, a kind of Al-Mg series alloy, has acceptable comprehensive 
properties including medium strength, high corrosion resistance, as well as high formability, etc. 
It has been widely used in many industrial fields as automobile, shipbuilding etc. [1, 2]. For high 
quality connection of AA5083 alloy, FSW has been successfully introduced in the industrial field, 
even before that, in the academic circles, the influence of the FSW parameters of AA5083 on the 
welding quality as well as a series of properties had been studied [3-8]. It was found that FSW 
joints had many advantages compared to fusion welds, in the field of mechanical properties, fatigue 
properties and corrosion resistance, et al. Besides, numerical simulations had been developed as 
well in optimising the FSW parameters in a simple way.  
 
In FSW butt joints of aluminium alloys, “kissing bond” can be occasionally observed in the 
microstructure, showing a black zigzag curve, or C shape curve, etc., and it is supposed to generate 
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originally form the oxide layer of the contact surface [9]. In the previous study, the kissing bond 
was identified as Al2O3 clusters which might affect the mechanical properties of the welds [10]. 
However, limited reports were found concerning the influence of kissing bond in FSW on the 
properties of the joints, particularly how to characterise or quantify the kissing bond in order to 
show the relation link to welding parameters and weld properties. In this chapter, the FSW butt 
configuration of AA5083 was systematically studied on the microstructure, mechanical properties 
and defects, with the special focus on the effect of FSW parameters including tool rotation speed 
and tool feed rate on the kissing bond morphology.  
  




4.2.1 Base material characterization 
AA5083 is the main material investigated in this chapter. Microstructural characterisation was 
performed in the aim of investigating the microstructural-property relationship associated with 
FSW. 
 
In this study, the AA5083 to be welded was in H112 heat treatment condition which was defined 
as slightly work-hardening after hot deformation. In the optical microstructure shown in Fig. 4.1, 
the grain morphology of the ST-RD plane was illustrated as elongated grains, along the RD, fine 
in thickness. Besides, the grains were uniform in shape and size especially in the through thickness 
direction, without any abnormal grain growth observed in the microstructure. It was also found 
that black particles with the size of several microns, which were reported as Al(Fe,Mn)Si phase 









Fig. 4. 1 Optical microstructure of the AA5083-H112 base material. 
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In a higher magnification SEM image shown in Fig. 4. 2 (a), it was found that small white particles 
were dispersively distributed in the Al matrix. Observing the detail using TEM shown as Fig. 4. 2 
(b), the particles were intragranular with the size varied from 0.1μm to 0.3μm. EDS result of the 
particle marked A (see Fig. 4. 3) showed that these particles contained Al, Mn, Cr and Cu elements. 
Combining with the XRD result shown in Fig. 4. 4, it was revealed that the phase with rod shape 













Fig. 4. 3 EDX spectra of particle A in Fig. 4. 2. 
1 0 0  n m
A 
(b) (a) 












Fig. 4. 4 Partial enlarged image of the XRD spectrum for the experimental material. 
 
Table 4. 1 shows the Vickers’ hardness and tensile properties of the base material AA5083. It was 
found that the base material had a high elongation, moderate tensile strength and relatively low 
yield strength as well as hardness. Therefore, this aluminium plate had excellent processing 
properties and good ability of deformation, which can be properly used in the field of automobile 
manufacturing. 
 
Table 4. 1 Hardness and tensile properties of the base material AA5083 
Experimental material Hardness / HV UTS / MPa YS / MPa EL / % 
AA5083 84.8 335 163 20 
 
4.2.2 Microstructure of the FSW 
The overall macrostructure of the AA5083 FSW weld seam is shown in Fig. 4. 5, including stir 
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zone (SZ), thermo-mechanically affected zone (TMAZ), as well as heat-affected zone (HAZ). It is 
also shown that the TMAZ and SZ has a clear boundary towards the advancing side (AS), which 
can be easily distinguished according to the grayscale, while towards the retreating side (RS), the 
transition was not clear. The grayscale reflects the deformation extent in the FSW, revealing that 
the deformation is severer at AS than RS.  
 
 
Fig. 4. 5 The weld zones macrostructure of the AA5083 FSW weld ( =1000rpm, 
=300mm/min). 
 
Fig. 4. 6 shows the microstructure of SZ, TMAZ and HAZ, respectively. As shown in Fig. 4. 6 (a), 
SZ in FSW of AA5083 was composed of the recrystallization equiaxed grains, with the average 
grain size of approximately 5μm. Fig. 4. 6 (b) shows the microstructure of TMAZ to the AS, a 
hybrid microstructure including deformed original elongated grains and recrystallization fine 
grains. In the microstructure of the HAZ shown in Fig. 4. 6 (c), the original elongated grains started 
to disappear, indicating that the material experienced a recovery procedure during FSW. 
 
 















Fig. 4. 6 The optical microstructure of SZ (a), TMAZ at AS (b) and HAZ at RS (c) in Fig. 4. 5. 
 
Besides, through testing the recrystallization grain size of the SZ in the FSW joints using different 
parameters, it was found that the recrystallization grain size was significantly influenced by 
welding parameters. Fig. 4. 7 shows the effect of the welding parameters on the average grain size 
in the SZ. The average grain size was ~4μm in the SZ of the weld obtained by 300mm/min, 800rpm, 
and nearly doubled to ~9μm at the welding parameters of 100mm/min, 1200rpm. It can be 
concluded that finer recrystallization grain size can be obtained when welding at a lower tool 
rotational rate and / or a higher welding speed in the FSW procedure. In metal materials, Zener-
Hollomon parameter reveals the relationship of temperature, strain rate and grain size [13]. The 
formula related is: 
(a) (b) 
(c) 




Z＝e · exp Q
RT
                             (4.1) 
where  is the strain rate, Q is the deformation activation energy, R is the gas constant and T is 
the temperature. It has been found that the decrease of Z could result in the increase of the average 
grain size (d), which followed the relation d-1=a+b·ln(Z) where a and b were constants [13]. In 
this study, as the increase of the tool rotation speed, the  increased while T increased as well. As 
a result, the average grain size increased, meaning that the Z parameter decreased. Therefore, 





























Tool rotaion speed / rpm  
Fig. 4. 7 Average grain sizes in the SZ of AA5083 FSW joints at different tool rotation speeds. 
 
4.2.3 Hardness distribution 
Temperature can also affect the hardness distribution in the FSW joints. Fig. 4. 8 shows the Vickers’ 
hardness distribution through the weld centre of the joints obtained at different parameters. It was 
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found that the hardness profiles for all the welding conditions presented a “W” shape. The hardness 
of the HAZ in both AS and RS dropped significantly, while the hardness of SZ was similar or 
slightly lower to the base metal. Because the HAZ experienced only heat effect during FSW 
procedure, which lead to the hardness decrease. In the SZ, the materials experienced the synergistic 
effect of recrystallization softening and work hardening, which can keep the hardness close to the 
base metal. The TEM image of an FSW joint of AA5083 at SZ was shown in Fig. 4. 9, dislocation 
pile-up was found in the SZ of the welds, where it could contribute to the hardness. The dislocation 
density can be determined by measuring the release of stored energy using DSC, according to the 
formula [14]:  
                                 (4.2) 
where  is dislocation density, E is released stored energy per unit volume,  is a dimensionless 
parameter related to dislocation interactions, G is the shear modulus, and b is the Burger’s vector, 
showing that the dislocation density is proportional to the released stored energy. Fig. 4. 10 shows 
the DSC traces and the stored energy in SZ centre of the FSW joints produced at different welding 
tool rotation speed. It was found that with the increasing tool rotation speed, the released stored 
energy decreased, which means that the dislocation density was lower, resulting in the loss of the 






















Fig. 4. 9 TEM image of an FSW joint of AA5083 at SZ (parameters: 100mm/min and 800rpm). 
 
Therefore, for AA5083 FSW, the work hardening effect takes a significant role in the hardening 
of the welds, reflected in the dislocation density, however, precipitation effect could play a minor 
100 nm
Dislocation pile-up 
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role in hardness contribution to the FSW joints, since it belongs to work-hardenable alloy. 
 
 
Fig. 4. 10 DSC traces for the SZ of the welds of various tool rotation speed and the amount of 
energy release. 
 
Besides, as shown in Fig. 4. 8, with the increase of the tool rotation speed, the hardness of HAZ 
was lower, and the width of “low hardness zone”, corresponding to the width of HAZ significantly 
increased. It was also due to the higher tool rotation speed which can produce more heat, resulting 
in the broaden of the HAZ and decrease in hardness. 
 
Fig. 4. 11 shows the hardness of the joints welded by various tool feed rates. It was found that with 
the increasing tool feed rate, the hardness in the SZ dropped significantly. When the tool feed rate 
increased, the stirring effect per unit time became less for the material in the SZ. For AA5083 
which is a work-hardening alloy, the hardness in the SZ was dominated by the work-hardening 
effect of the material. Therefore, the hardness in the SZ decreased with the increasing tool feed 
rate. Besides, according to the results above, with the increasing welding feed rate, the 
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recrystallization grain size in the SZ was finer, thus the hardness in the SZ was lower. Therefore, 




Fig. 4. 11 Vickers’ hardness distribution through the weld centre of FSW AA5083 (tool rotation 
speed 1000rpm). 
 
4.2.4 Non-destructive testing (NDT) 
Non-destructive testing (NDT) was performed on the AA5083 FSW joints obtained at different 
tool feed rates using X-ray radiographic testing. The results showing X-ray inspection of the FSW 
joints is in Fig. 4. 12. It was found that no obvious defect was detected except for few small isolated 
gas pores at the finish step and surface features at the start step of the welding. Besides, under 
changing tool feed rate, no significant difference was observed in the X-ray results.  
 















Fig. 4. 12 X-ray radiographs of AA5083 FSW joints. 
(a) 100mm/min, 1000rpm; (b) 200mm/min, 1000rpm; (c) 300mm/min, 1000rpm; (d) High 












4.3.1 Kissing bond characterization 
It was noticed in Fig. 4. 5 that the kissing bond could be observed in the weld seam near the RS, 
showing a black curve which spreads from the centre thickness down to the bottom tip. It was 
revealed from the literature that kissing bond in the FSW butt welding generated due to the oxide 
layer of the contacting surface, stirred into the weld SZ during the process. The kissing bond 
usually shows various shapes as zigzag line, lazy S, or wavy pattern due to the welding parameters 
or tool design [15-17]. Tao et al. [18] defined the oxide curves as “lazy S” appeared at the mid-
thickness of the welds and “kissing bond” appeared at the bottom and found micro-voids around 
the “kissing bond” apart from oxide particles. In this study, according to the above literature, Fig. 
4. 5 A should be the “lazy S” and Fig. 4. 5 B should be the “kissing bond”. However, it was found 
that the “lazy S” and the “kissing bond” were continuous. Further SEM observations of A and B 
were shown in Fig. 4. 13 (a) and (b), respectively. In Fig. 4. 13 (a), it was found that apart from 
the oxide particles, exfoliation due to the etching can also be observed, and the similar morphology 
was shown in Fig. 4. 13 (b). Therefore, although the “lazy S” and “kissing bond” had different 
macroscale shapes probably due to stirring extents [19], they were both exfoliation of oxide 
particles in nature and continuous in most cases. As such, “kissing bond” will be used in this study 














Fig. 4. 13 Backscattered SEM micrographs of (a) zone A and (b) zone B in Fig. 4. 5. 
 
TEM of the material at the kissing bond was conducted, for the purpose of further clarifying the 
particles, and after all, the SEM can only show the particle exfoliation rather than composition 
confirmation. For accurately locating the position of kissing bond, FIB was used to extract the 
samples from the kissing bond area under SEM observation. Fig. 4. 14 (a) shows the TEM image 
of the material around the kissing bond. Local distributed bright particles were observed with an 
average size of ~100 nm. It was also found that most of the particles were intragranular, whereas, 
a few of them were distributed along the grain boundaries. Energy dispersive X-ray (EDX) results 
of the matrix and the particles are shown in Fig. 4. 14 (b) and (c). It was found that the matrix was 
composed of Al and Mg, as well as Cu and Pt which were probably introduced during the FIB 
process. Comparatively, the particles consisted of Al, Mg, as well as a large percentage of O, 
besides, an extremely higher content of Mg was also found to have. Therefore, it was confirmed 
that the bright particles were the mixture oxides of Al2O3 and MgO, which constituted the kissing 
bond in AA5083 FSW. It was also confirmed that the kissing bond generated because of the 












EBSD can clearly show the grain structure in the vicinity of the kissing bond, as Fig. 4. 14 (d). It 
was found that the oxides particles could not have significant impact on the grain orientation, 
however, it appeared to pin the grain boundaries, besides, to block the recrystallisation across the 
two sides. These effects of kissing bond could have an influence on the mechanical properties for 
the welds.  
 
 
Fig. 4. 14 TEM and EBSD images of the kissing bond. 
(a)-TEM image, (b)-EDX spectra of the matrix, (c)- EDX spectra of the particles, (d) EBSD map 
from the vicinity of the kissing bond. 
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4.3.2 Effect of FSW parameters on the kissing bond 
Fig. 4. 15 shows the kissing bond morphologies in the welds prepared by various parameters. 
Among them, Fig. 4. 15 (a), (b) and (c) are the welds obtained at the same tool rotation speed of 
800 rpm and various welding speeds of 100, 200 and 300 mm/min, whereas, Fig. 4. 15 (c), (d) and 
(e) are at the same welding speed of 300 mm/min and various tool rotation speeds of 800, 1000 
and 1200 rpm. It was revealed that the welding speed could influence the waviness of the kissing 
bond, resulting in the change of the kissing bond profile from a smooth wave pattern to a 
complicated zigzag pattern, with the increasing welding speed (see Fig. 4. 15 (a), (b) and (c)). 
Moreover, the tool rotation speed could influence the kissing bond also in waviness, but mostly, 
in the range through welding thickness. When welded at 800 rpm, the kissing bond was detected 
as a zigzag curve from the top to the bottom throughout the weld thickness (see Fig. 4. 15 (c)). 
When welded at 1000 rpm, the kissing bond curve turned smoother but could only be detected 
from the upper centre to the bottom of the weld s (see Fig. 4. 15 (d)). Whereas at 1200 rpm, the 
kissing bond curve could be observed as a “C” shape, remaining in the centre of the weld thickness. 
(see Fig. 4. 15 (e)). Therefore, the welding parameter could obviously affect the morphology of 
the kissing bond in this study, in the waviness due to the various welding speed, as well as the 











Fig. 4. 15 Macrostructure profiles of the AA5083 FSW welds at different welding parameters. 
 (a)-  =800rpm, =100mm/min, (b)-  =800rpm, =200mm/min, (c)-  =800rpm, 
=300mm/min, (d)-  =1000rpm, =300mm/min, (e)-  =1200rpm, =300mm/min 
 
In order to quantify the relationship between welding parameters (e.g. welding speed and tool 
rotation speed) and kissing bond, the total length of the kissing bond (Lo) in average was measured 
from at least three samples obtained in the mid position of a weld. The results of kissing bond 
length were put together with the welding speed and tool rotation speed, forming Fig. 4. 16. It was 
obviously found that the length of kissing bond increased with the increasing welding speed as 
well as decreasing tool rotation speed. In the FSW process, the oxide film of the contact interface 
is fragmented by the shear motion due to the rotation and feed of the welding tool. The increase of 
welding speed or the decrease of tool rotation speed which is equivalent to the less stirring effect 




























Fig. 4. 16 The effect of welding parameters on the length of kissing bond. 
 
FSW is a multiple procedure of the high-speed tool rotation combined with the tool traverse, which 
are expressed using tool feed rate  and rotation speed , respectively. Therefore, friction heat 
which can make the welds to a maximum temperature, reportedly as high as 60% ~ 80% of the 
melting temperature [20], have been correlated to combinations of welding parameters  and  
through a “heat input parameter” which was proposed to be directly related to weld properties.  
 
It was widely accepted that the increasing tool rotation speed or decreasing tool feed rate can raise 
the “heat input” level in the FSW process. A series of empirical equations have been established 
on heat indices as a function of input variables, such as pseudo heat index (square of rotational 
speed/travel speed) and advance per revolution, representing the heat input [21]. However, these 
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equations could not reflect the resulting microstructure. Frigaard et al. [22] used the finite 
difference method to calculate the three-dimensional thermal fields in the FSW process, by 
assuming that the friction heat was produced at the tool shoulder. On this basis, a heat input 
equation corresponding with friction coefficient, pressure, rotational speed and radius of tool 
shoulder was proposed. In addition, the microstructural evolution and hardness distribution of the 
weld were calculated by using the results of the thermal model, in good agreement with the 
experimental data under certain conditions. However, this model has some limitations, which was 
not reliable for most welding parameters. Sato et al. [23] used calorimetry to measure the heat 
input for the FSW process of Al 5083. Through experimental measurements, the influence of heat 
input on the recrystallization grain size of the FSW SZ was also studied. It was clearly shown that 
a line relationship existed between the recrystallization grain size and heat input, as can be seen in 
Fig. 4. 17.  
 
 
Fig. 4. 17 Effect of measured heat input on grain size of stir zone centre [23]. 
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In this study, the effect of the heat input on the kissing bond of FSW AA5083 was examined 
through a semi-quantitative empirical function, which represents the heat input index (HI) as: 
                                                    (4.2) 
where  represents tool rotation speed (rpm) and  is welding speed (mm/min) [24]. Fig. 4. 18 
shows the correlation of the heat input and the kissing bond length. It was found in the figure that 
the kissing bond length generally decreases with the increase of the HI during FSW process. It is 
well accepted that the FSW heat input increases with higher tool rotation speed or lower welding 
speed, which means, for the kissing bond that there are more time and chance to break up the oxide 
clusters, so that to restrict the forming of the kissing bond. Fig. 4. 18 shows the similar trends that 
the kissing bond length and heat input has a generally inversely proportional relationship. 
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4.3.3 Effect of the kissing bond on the tensile behaviour 
Fig. 4. 19, Fig. 4. 20 and Fig. 4. 21 respectively illustrates the ultimate tensile stress (UTS), yield 
stress (YS) and elongation (EL) of the FSW joints, which have various length of kissing bond. It 
was revealed that with the increasing kissing bond length, the UTS and EL had a strong regulation. 
Except for an isolated point, they raised firstly and then dropped with increasing kissing bond 
length. However, it should be noticed that the YS could not be found any regulation with the 
kissing bond length, in other words, the heat input / welding parameters had little effect on the YS 
of the FSW joints.  
 
Fig. 4. 19 Ultimate Tensile Stress of FSW AA 5083 with different kissing bond length. 
 
 




Fig. 4. 20 Yield Stress of FSW AA 5083 with different kissing bond length. 
 
 
Fig. 4. 21 Elongation of FSW AA 5083 with different kissing bond length. 
 
The Hall-Petch relation expresses the YS (σ) changing with the grain size (d) in a polycrystalline 
material which is shown below: 




where,   represents the yield strength of the material,  is the frictional stress contribution, d 
represents the grain size, and ky is the Hall-Petch slope. To find the effect factor, the YS of the 
welds was put with tool rotation speed, showing in Fig. 4. 22. It was generally shown that the YS 
increased with the increasing tool rotation speed except for a strange point. In this case, if the YS 
was only decided by the grain size, it should rather decrease with the increasing tool rotation speed 
to verify the hardness raise.  
 






























Fig. 4. 22 Yield strength of AA 5083 FSW joints with different tool rotation speeds. 
 
However, the result on the grain size was opposite, as is previous shown in Fig. 4. 7. It was found 
that the recrystallization grains in the stir zone were coarser when welding at high tool rotation 
speed due to the generation of more heat which could lead to the grain growth. However, other 
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strengthening mechanisms, for example, Orowan strengthening and dislocation strengthening, can 
make a contribution in the FSW joints for AA5xxx alloy [25, 26]. It was supposed that the efficient 
breakup of precipitates and the kissing bond oxides has resulted in the enhanced strength, despite 
the coarsening of the grain structure with the increase in rotation speed, which need further 
certification.  
 
To further study the effect of kissing bond on the mechanical properties and fracture behaviour of 
the welds, macrostructure profiles of the tensile fracture for the welds with various kissing bond 
length were observed, and the traditional samples are shown in Fig. 4. 23. Three types of fracture 
were clearly found with the detailed descriptions as follows.  
 
 Fracture type 1, in the condition of this experiment, was only found in the sample welding at 
the tool rotation speed of 1200rpm and the welding speed of 300mm/min (see Fig. 4. 23 (a)). 
Moreover, the fracture was in the SZ towards AS, with the fracture path showing a line 
throughout the thickness and approximately 45° to the stretch direction, indicating a shear 
fracture. Kissing bond could be clearly found in the SZ towards RS, as a C-shape in the middle 
of the sheet thickness, indicating that the kissing bond was not involved in the fracture 
procedure for this fracture type. In other words, the kissing bond had no effect on the tensile 
behaviour. The results of mechanical properties in this condition also prove this conclusion. 
The UTS, YS, and EL were 328 MPa, 178 MPa, and 14.5%, respectively, which were similar 
compared to the properties of the base material (328 MPa, 178 MPa, and 14.5%), even 15MPa 
higher in the yield strength due to the fine grains around the fracture. According to the 
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fractography showing in Fig. 4. 24 (a) which was corresponding to Fig. 4. 23 (a), It was found 
that the fracture surface consisted of equiaxed dimples with various size and depth, indicating 
a ductile failure mode.  
 
 
Fig. 4. 23 Macrostructure profiles of the fracture of AA5083-H112 FSW joints. 
(a)-  =1200rpm, =300mm/min, (b)-  =1000rpm, =200mm/min, (c)-  =1000rpm, 
=100mm/min 
 
 Fracture type 2, in the condition of this experiment, was only found in the sample welding at 
the tool rotation speed of 1000rpm and the welding speed of 200mm/min (see Fig. 4. 23 (b)). 
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The fracture was also found in the SZ, but initiation and propagation towards the RS, where 
the kissing bond usually located. Additionally, the fracture path was extremely the same as 
kissing bond, a zigzag from the top and a lazy S extended down. Therefore, it was revealed 
that the kissing bond had a significantly effect on the initiation and propagation of the crack 
in this type. Moreover, it was found that the mechanical properties including UTS, YS, and 
EL were 212 MPa, 125 MPa, and 5%, respectively, much lower than other welds. Compared 
to the fracture type 1, the difference was the shape of kissing bond, C shape in the middle of 
the weld for type 1 and zigzag and lazy S throughout the thickness for type 2. Thus, it can be 
concluded that the shape and location of kissing bond can have a significant influence on the 
properties and fracture behaviour of the welds.  
 
 Fracture type 3, which could be detected in most cases, was a mixture for type 1 and type 2, 
thereby fracture path was the same as type 1 for half of the thickness and the same as type 2 
for another half. It was shown in Fig. 4. 23 (c) that the fracture path was a 45° line from the 
top and a lazy-S along the kissing bond from the middle to the bottom. Fig. 4. 24 (b), (c), and 
(d) shows the fractography of fracture type 3. Fig. 4. 24 (b) shows the shear fracture part, 
showing dimples along the fine grain structure, similar to type 1. Fig. 4. 24 (c) shows the 
fractography corresponding to the fracture path along the kissing bond. It was found that no 
deep dimples could be detected in the fractography, but some discontinuous trench-like 
fracture areas were observed. Fig. 4. 24 (d) shows the trench-like zone at higher magnification, 
seeing that the trench included fine round particles. EDS results showed that the particles 
contained 8.7 % of O, 4.81 % of Mg and 86.49 % of Al in atom percentage, indicating that the 
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particles were related to the kissing bond. Therefore, it can be concluded that the initiation of 
the fracture in type 3 was at the kissing bond tip in the middle of the weld thickness and 
propagation downward to the bottom along the kissing bond. 
 
 
Fig. 4. 24 SEM micrographs for the fracture surfaces of AA5083-H112 FSW joints for (a) type 1, 
(b) type 3-shear fracture, (c) type 3-along the kissing bond, (d) high magnification of the dotted 
regions in (c). 
 
4.3.4 Effect of the kissing bond on the fatigue behaviour 
Fatigue fracture test was performed in the purpose of estimating the fatigue fracture behaviour of 
the FSW joints as well as how kissing bond could influence the fatigue fracture. Fig. 4. 25 reveals 
the effect of kissing bond length on the fatigue life of the welds. In this study, 130 MPa was used 
(a) (b) (b) 
(c) (d) 
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as the maximum circular stress, approximately 70% of the YS of the base material, for the purpose 
of assessing the effects of the kissing bond on the fatigue fracture behaviour. It was clearly shown 
that, with the increasing of the kissing bond length, the fatigue life was getting short from more 
than 106 times to less than 105 times, revealing that the kissing bond has a significant effect to 
decrease the fatigue property of the welds. 
 
 
Fig. 4. 25 Fatigue test results for AA5083-H112 FSW joint with different kissing bond lengths. 
 
Fig. 4. 26 (a), (b) and (c) display the fractography of the samples corresponding to point 1, 2 and 
3 in Fig. 4. 25. For each sample, crack initiation, crack propagation and final fracture could be 
clearly distinguished but had various sizes compared to the three conditions. Generally, large area 
of crack initiation and crack propagation zones could reveal that the sample had shorter fatigue 
life. Especially, multiple initiations were found in Fig. 4. 26 (a) and (b), indicating that the fatigue 
life would be even short. Studies have shown that those multiple initiations were related to the 
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kissing bond tip from the welding bottom [27]. Furthermore, periodic striations were clearly shown 
in the crack propagation area in sample 1 and 2 (see Fig. 4. 26 (a) and (b)), from the multiple 
initiations to the final fracture zone. It was also found that the width of striations gradually 
decreased with the decreasing range of crack initiation and propagation zones, until invisible in 
the sample with the longest fatigue life. Similar striations were found by Zettler et al. [28] in 
AA6063-T6 FSW joints, where the striations formed because of the tool advance per revolution 
along the weld direction. However, it was a different kind of striations or bands, because these 
periodic striations were formed due to the fatigue crack propagation. To further clarify the 
microstructure, SEM fractography was conducted observing the detail of the striations shown in 
Fig. 4. 26 (d). It was found that the micro-scale striations, which have been considered as a feature 
of fatigue crack propagation, could be detected within the macro-scale striations, revealing that the 
crack growth could be in the vertical direction of the micro-scale fatigue striations [27].  
 




Fig. 4. 26 Macrograph of fractured surface of fatigue specimens corresponding to point 1-(a), 2-
(b) and 3-(c) in Fig. 4. 25, and (d)-SEM of crack propagation zone in image (b). 
 
The digital photos showing the fracture path of samples 1, 2 and 3 in Fig. 4. 25 were illustrated in 
Fig. 4. 27. For each sample, the upper and bottom photo represent the two sides of the fatigue 
specimen. It was found that, for various fatigue life samples, the fracture path had correspondingly 
different appearances. Fig. 4. 27 (a) shows the photos of specimen 1 in Fig. 4. 25, which was 
welded at the tool rotation speed of 800 rpm and the welding speed of 300 mm/min, and 
concequently had the lowest fatigue property. In this condition, the fracture path appeared similar 
at both sides, combining with the fractography in Fig. 4. 26 (a), a straight line at the multiple 
initiations from the bottom and a zigzag line near the final fracture area. It was indicated that the 
fracture initiated from the kissing bond bottom tip, to the top where the final fracture was along 
the kissing bond. Fig. 4. 27 (b) shows the photos of specimen 2, welded at 800 rpm and 200 
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mm/min, and better fatigue property. It was found that the fracture path was an approximative 
straight line at one side and a zigzag line at the other. Therefore, in this condition, the fatigue crack 
initiated at one side and afterwards developed and final fractured to the other side basically along 
the kissing bond, similar to tensile fracture. Fig. 4. 27 (c) shows the photos of specimen 3, welded 
at 1200 rpm and 300 mm/min, and had even better fatigue property. The fracture path is similar to 
specimen 2 except for the final fracture path, which appeared as a straight line 45˚ to the fatigue 
loading direction instead of a zigzag line. Comparing the three samples, it was concluded that the 
bottom tip of the kissing bond had a significant effect on the crack initiation, leading to the 
formation of multiple initiation microstructures at the bottom of the welds, which was harmful to 
the fatigue property. Moreover, if the final fracture path was generally along the kissing bond, the 
fatigue property would be lower than the welds in which the kissing bond was not involved, 
revealing that the kissing bond also had a significant effect on the final fracture, resulting in the 
decrease in fatigue property. Combined with the results which showed the relationship between 
welding parameters and the kissing bond, it was found that the weld prepared at higher tool rotation 
speed or lower welding speed which means higher stirring to break up the kissing bond oxides 
could have enhanced fatigue life. 
 
 
Fig. 4. 27 Fracture photos for fatigue specimens corresponding to point 1-(a), 2-(b) and 3-(c) in 
Fig. 4. 25. 




Fig. 4. 28 shows the fracture type and the corresponding UTS of the FSW AA5083. It could be 
found in the figure that if the fracture followed the type 1, it would have excellent UTS, which was 
close to the base material. However, fracture type 2 was related to the unqualified UTS. Most 
samples in this study could be classified as fracture type 3, which had medium UTS. It was also 
found that, when the heat input was between 5 and 10 r2/m·min, the UTS was slightly lower than 
fracture type 1, which could reach above 90% of the base material. While, when the heat input was 
beyond this range, the UTS would be even lower. As mentioned above, the fracture type 3 was a 
combination of 1 and 2, when the type 2 was dominated in this condition, the UTS was 
consequently low. Therefore, it was concluded that the fracture type 2 could have a negative effect 
on the UTS of the weld. Besides, it could be noticed that, in one heat input condition approximately 
5 r2/m·min, two samples with different UTS were found, revealing that HI was not a reliable 
parameter determine the UTS which associated well with the kissing bond length in this study (Fig. 
4. 18). 
 
Fig. 4. 28 The relationship between fracture type (FT) and UTS of FSW AA5083. 




Fatigue fracture had a similar regulation. The fracture path showing a straight line could related to 
the weld which had a longer fatigue life, whereas the path along the kissing bond had poor fatigue 
property. Therefore, the kissing bond length could impact on the range of crack initiation, and 
consequently the trends to fatigue failure. 
 
Fig. 4. 29 (a) and (b) show the microstructures of the fractured welds following type 3 which was 
a hybrid fracture. It was obvious that the grains near shear fracture part (see Fig. 4. 29 (a)) were 
elongated, while grains near the kissing bond fracture part were (see Fig. 4. 29 (b)) equiaxed, 
indicating that the material in the vicinity of kissing bond did not experience deformation. Fig. 4. 
29 (c) and (d) show the microstructures of the fractured welds following type 1 which was single 
shear fracture. It was found that grains were elongated in the vicinity of the fracture, while the 
grains were fine and equiaxed around the kissing bond where the sample could not crack during 
tensile test. Besides, similar results were obtained for the fatigue tests. As can be seen from these 
results, regardless of whether the sample was broken along the kissing bond, the vicinal grains 
could not deform because of the kissing bond particles. Besides, the TEM image (shown in Fig. 4. 
14) illustrated that most oxide particles were located inside the grains. Hence, it was revealed that 
the kissing bond which was essentially oxide particles could block the intragranular slip of 
dislocations, which resulted in stress concentration and brittle fracture along the kissing bond 
during tensile process. Therefore, it could be assumed that, the kissing bond and the grains in the 
vicinity formed a kind of “defect” in the matrix. Thus, it could be explained why the YS increased 
exactly with the increase of the tool rotation speed rather than following the Hall-Petch relation in 
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the tensile tests. According to the results in Fig. 4. 15, when the tool rotation speed was higher, the 
kissing bond curve would become short in the thickness direction of the weld, as a result, less 
“defect” would be distributed in the thickness direction which was perpendicular to the stretching 
direction and a higher YS of the welds. Moreover, according to the tensile test results, the YS with 
the tool rotation speed 1200rpm was higher than the BM in average, while the YS was lower at the 
tool rotation speed 1000rpm and 800rpm. Therefore, the welds could be considered as 
homogeneous when welding at 1200rpm tool rotation speed, while at 800rpm and 1000rpm, 
“defect” take the significantly role in the fracture behaviour. Therefore, it was suggested that the 












Fig. 4. 29 Microstructure of the fracture FSW AA5083 welds. 
(a)-  =1200rpm, =300mm/min shear fracture part, (b)-  =1200rpm, =300mm/min kissing 











In this chapter, AA5083 in H112 condition were FSW butt welded using various tool rotation 
speeds as well as tool feed rates. Firstly, the microstructure and mechanical properties of the base 
material were characterised. After welding, the microstructure, average grain size in the SZ, 
hardness distribution and macroscale defects were evaluated for the welds produced at various 
parameters. Among them, a special focus was taken on the kissing bond phenomenon, which can 
have a significant effect on the microstructure and properties of the FSW joints. For this purpose, 
the kissing bond was systematically characterized as well as its effects on tensile and fatigue 
properties. In addition, the tensile and fatigue fracture types were adequately discussed. The 
following conclusions can be drawn:  
 
1. The AA5083 base material was composed of elongated grains along the (ST-RD) plane, fine 
in thickness, and Al(Mn,Fe)Si, Mg2Si and Al6Mn were observed in the Al matrix. The base 
material AA5083 had a high elongation (20%), moderate tensile strength (335MPa), relatively 
low yield strength (163MPa) and hardness (84.8HV), which was revealed that the aluminium 
plate had excellent processing properties and good ability of deformation. 
 
2. The FSW AA5083 can be divided into several zones as BM, HAZ, TMAZ and SZ, which has 
different microstructure characteristic, respectively. Among them, the SZ experiences 
dynamic recrystallization during FSW process, and the recrystallization grain size decreases 
when welding at a lower heat input. The lowest hardness of the welds is at the HAZ, while in 
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the SZ, the hardness raises significantly to the level of the BM due to the work-hardening 
effect. The X-ray inspection results indicates that the FSW joints has no visible defects. 
 
3. The kissing bond observation and characterization showed that the tool rotation speed 
determined the region range in the weld thickness and the welding speed determined the 
waviness. Besides, the kissing bond length had an approximate linear relation with the heat 
input. Property tests revealed that with the increasing length of kissing bond, the tensile UTS 
and EL increased first and then decreased, and the YS had no regulation but obviously 
increased with the increasing tool rotation speed. Fatigue property was also significantly 
affected by the kissing bond length. Fracture type analysis showed that it had strong relation 
with the tensile and fatigue property. The shear fracture was corresponding to high tensile and 
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The application of the FSW of aluminium alloys is rapidly growing, especially in automotive field. 
Recent studies focused on joining of dissimilar Al-alloys, which has been rather difficult to 
perform using fusion welding [1-3]. It has been proposed that connection of cast to wrought 
structures can probably be found many applications in particularly automotive wheels, as it can 
result in an efficient design while facilitating fabrication, by locating wrought materials at the 
highly or fatigue loaded regions to take advantage of their inherently superior bearing strength and 
damage tolerance [4]. Defect-free FSW joints have been obtained between wrought and casting Al 
alloys, and the microstructure evolution was thoroughly investigated as well in a number of studies. 
A study of FSW AA6061-T6 (a wrought heat treatable Al-alloy) and A356 (a casting Al-alloy) by 
Lee et al. [5] revealed that the mechanical properties of the welds were relatively low compared 
with both base materials. Lim et al. [4] attributed the low mechanical properties to the 
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agglomeration of rod-shaped Si particles observed locally in the weld zone, which served as 
initiation sites for tensile fracture. Besides, it was found that the welding parameters significantly 
influenced the properties of dissimilar cast-wrought Al-alloys welds. A study on FSW AA6061 
and A356 by Ghosh et al. [6] revealed that tool rotation and traversing speeds have a significant 
influence on the weld microstructure. Moreover, as the strength of AA6061 is much higher than 
A356, the mechanical properties of the stir zone were higher when AA6061 was at the retreating 
side.  
 
The weld parts in lap configuration is also being widely used in the connection of aluminium alloy 
structures, particularly in automotive field [7-13]. In recent years, a series of studies have also been 
published on the FSLW of aluminium alloy. Making a good lap weld using FSW is more 
complicated than butt welding, determined by factors as welding parameters, tool design, weld 
setup, etc. Lee et al. [14] investigated AA6061 and AA5052 FSLW welds, focusing on the 
microstructural and mechanical properties development under different parameters. It was found 
that higher tool rotation speed and/or lower tool traverse speed (i.e. higher heat input) might result 
in severer material mixing and poorer mechanical properties in welded zones. However, available 
information on FSLW between wrought and cast Al-alloys is very limited.  
 
In this chapter, FSLW of a wrought Al-alloy AA6061-T6 and a cast Al-alloy A356 was studied, 
mainly focusing on the microstructure evolution and hardness distribution in the as-welded and 
following post-weld heat treatment (PWHT), in order to develop an optimised process of FSLW 
between wrought and cast Al-alloys. This chapter also focuses on characterising the alterations in 
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microstructure and properties and the evolutions of size, shape and distribution of second-phase 
particles due to FSLW process. 
  




5.2.1 Base metal characterization 
AA6061 wrought aluminium alloy and A356 casting aluminium alloy are the main material 
investigated in this chapter. Microstructural characterisation was also performed in the aim of 
investigating the microstructural-property relationship associated with FSLW. 
 
In this study, the AA6061 to be welded was in T6 heat treatment condition which was defined as 
peak aging after solution treatment. In the optical microstructures shown in Fig. 5. 1 (a), the grain 
structure on the ST-RD plane was also composed of elongated grains, elongated along the RD, 
compared with the ultrafine grans of AA5083-H112 in thickness, the average width of the grains 
in AA6061-T6 was ~30μm, and inhomogeneous obviously in terms of size or shape. Black 







Fig. 5. 1 Optical microstructure of the AA6061-T6 (a) and as-cast A356 (b) base material. 
 
The microstructure of the A356 in the as-cast condition is shown in Fig. 5. 1 (b). It was found that 
the as-cast A356 alloy was composed of dendrite grains, which was the traditional microstructure 
(a) (b)
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of a casting Al alloy, with the average grain size of ~100μm. Besides, the eutectic phase was 


















Fig. 5. 2 SEM images showing intermetallic particles in AA6061-T6 (a) and as-cast A356 (b) 
base material, (c) - (f) showing the mapping of the elements Al, Mg, Fe and Si in image (b). 
 





Al-Fe-Si Mg, Si rich 
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the particle morphologies. Two types of constituent particles were found in the microstructure of 
the AA6061. According to the EDX results, the dark-coloured and white particles were identified 
as Mg, Si-rich, and Al-Fe-Si, respectively. In the microstructure of A356 shown in Fig. 5. 2 (b) 
and element mapping in (c), (d), (e) and (f), it was found that the script-shaped secondary phase 
was observed containing Mg, Fe and Si. Besides, eutectic Si was found showing very light grey 
colour which was difficulty to distinguish in the SEM image Fig. 5. 2 (b), however, element 
mapping shown as Fig. 5. 2 (c), (d), (e) and (f) clearly proved the existence of the eutectic Si. 
 
5.2.2 Microstructural development of the FSLW joint  































Fig. 5. 3 The micrographs of the AA6061-T6 /A356 FSLW joint. 
(a) AA6061 SZ, (b) A356 SZ, (c) AA6061 TMAZ AS, 
(d) A356 TMAZ AS, (e) AA6061 TMAZ RS, (f) A356 TMAZ RS 
 
The detailed microstructures of the FSLW for AA6061 and A356 were shown in Fig. 5. 3. Similar 
to friction stir butt welding, the lap weld can be divided into the stir zone (SZ), thermo-
mechanically affected zone (TMAZ), heat-affected zone (HAZ), as well as the base material (BM) 
according to the service condition of the involved material. It was found in Fig. 5. 3 that dynamic 




5 Friction Stir Lap Welding of Dissimilar AA6061/A356 Joints: Microstructural and Mechanical Properties Development 
144 
 
procedure. To further investigate the DRX in the friction stir lap welds, Fig. 5. 4 illustrates the 
recrystallized grain size distribution within the lap welding stir zone, and the corresponding 
microstructures are shown in Fig. 5. 3. In the AA6061 section, fine equiaxed grains were present 
in the SZ, while the elongated grains could be observed in the BM, which are typical of wrought 
(rolled) sheets. The BM grain structure was predominantly pancake-shaped extending >100μm 
along the rolling direction (RD), whereas the average grain size within the SZ ranged from 8μm 
to 15μm depending on the location. It was also found that the grain size towards advancing side 
(AS) was generally smaller than towards retreating side (RS), in addition, the grain size distribution 
varied significantly along the depth of the build. In the upper regions, the grains were relatively 
uniform in size ranging from 12μm to approximately 9.5μm at 1 mm level below the surface, 
whereas at 5 mm level, the grain size varied from 15μm to 8μm.  
 
To correlate the grain size with the thermomechanical deformation conditions, Zener-Hollomon 
parameter, which encompasses the deformation related parameters, is commonly used (see 
equation 4.1). During FSLW, it appears that the material on AS experienced a severer plastic 
deformation and lower temperature compared with the RS, so the strain rate at AS was higher than 
RS, and the parameter Z was consequently higher at AS. Hence, the grains would be finer at AS, 












Fig. 5. 4 Average grain size in the SZ of AA6061 and A356 FSW lap welds. 
 (a) AA6061 SZ, (b) A356 SZ 
 
Moreover, in the A356 part, significant grain refinement occurred in the SZ as well as the TMAZ, 
(a) 
(b) 
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and similar to 6061 part, the grain size was slightly finer in AS. It was also found that the average 
grain size was smaller with the increasing sheet depth, as shown in Fig. 5. 3 and Fig. 5. 4, and in 
some conditions, onion ring was detected in the microstructure at the centre bottom, where the 
grain size was too fine to be quantified. 
 
5.2.2.b Microstructural features 
In Chapter 4, it was found that kissing bond can influence the mechanical properties of the FSW 
butt joints to some extent. In FSLW, the bonding structure is different from the butt weld, because 
the interface plane of the two materials is vertical to the interface which butt welding forms. 
Besides, it was found in Chapter 4 that the kissing bond forms due to the oxide films on the sheet 
surface, especially the sides at the joint line in a butt configuration. Thus, kissing bond tends to be 
severer in FSLW because of the oxide surface of the contact interface where there is a larger 
contact area than butt welding.  
 
 
Fig. 5. 5 The macrostructure profile of the AA6061 A356 FSLW joint. 
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kissing bond existed at the boundary of the two materials in the welds centre. Different from the 
butt welds, the kissing bond in the lap weld was distributed non-continuously with the substance 












Fig. 5. 6 Kissing bond interfaces between the top and bottom sheets at a welding speed of 100 
mm/min ((a) ω = 800rpm, (b) ω = 1000rpm, (c) ω = 1200rpm) 
 
Fig. 5. 6 shows the detailed morphology of the kissing bond in the welds which were obtained by 
different tool rotation speed. It was found that the kissing bond existed in all the welds prepared at 
various rotation speeds of 800, 1000 and 1200 rpm, and a constant welding speed of 100 mm/min. 
As shown in Fig. 5. 6 (a), (b), and (c), with the increasing tool rotation speed, the severity of the 
kissing bonds was reduced. During FSLW, the oxide film was broken by the moving/rotating effect 
of the welding tool. Therefore, the formation of kissing bond was significantly influenced by the 
(a) (b)
(c) 
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stirring extent, which can be inversely correlated to the tool feed speed/rotational speed ratio 
(advanced per revolution). This ratio was inversely related to the heat input in FSW/FSLW. More 
severe kissing bonds were likely to be formed at lower heat input, corresponding to less stirring 
effect, consequently generating the kissing bond in the form of continuous zigzag line. 
 
Moreover, it was also found in Fig. 5. 5 that a hook-shaped structure was observed in the weld 
seam towards AS. Many attentions have been paid to the hook structure in FSW especially lap 
welds or spot welds [15-17]. In FSLW, crack initiation was likely to occur from the tip of the hood 











Fig. 5. 7 Hook structure in the FSLW of AA6061 and A356. 
(a) ω = 800rpm, (b) ω = 1000rpm, (c) ω = 1200rpm 
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was found that with the increasing tool rotation speed, the shape of hook did not significantly 
change, just the hook tip directed slightly towards the RS. Besides, to further characterize the hook, 
the height of the hook for each sample was measured from the interface line to the hook tip (shown 
as Fig. 5. 7). With the increase of the tool rotation speed, the height of the hooking increased 
correspondingly, revealing that the stirring movement was severer due to the increasing tool 
rotation speed. Moreover, another evidence proving the severer motion was that more AA6061 
material flowed to the A356 matrix during the FSLW procedure (the dark material is showing 
AA6061 in Fig. 5. 7). 
 
5.2.2.c Particle distribution 
Fig. 5. 8 shows the FSLW microstructures in the SZ and BM. It was found in Fig. 5. 8 (a) that two 
different kinds of intermetallic particles which were light grey faceted and black round particles 
were detected in the AA6061 base material. According to the previous work on the intermetallics 
of AA6061-T6, they were Al-Fe-Si particles and Mg, Si-rich particles, respectively. Fig. 5. 8 (b) 
shows the particle morphology of AA6061 part of FSLW SZ. Comparing the microstructure of the 
BM and SZ, the Al-Fe-Si phase experienced stirring-assisted fragmentation during FSLW, 



















Fig. 5. 8 Microstructure for FSW lap welding of AA6061-T6 and as-cast A356 aluminium alloys. 
(a) AA6061 BM, (b) AA6061 SZ, (c) A356 BM, (d) A356 SZ 
 
In A356 (Fig. 5. 8 (c)), the majority of the individual faceted/elongated particles were found to be 
Si-rich phase, whereas the Mg-Fe-Si phase showed script morphology. Both types were frequently 
detected in the BM and HAZ. However, the FSLW procedure resulted in a severe fragmentation 
of the Mg-Fe-Si phase in the SZ and a more random redistribution of Mg-Fe-Si phase, while the 
Si-rich particles did not significantly change in the A356 SZ, shown in Fig. 5. 8 (d). 
 
Image analysis was used to map the distribution of the intermetallic particles in the weld. As shown 
from Fig. 5. 9 to Fig. 5. 12, the area fraction of the various second-phases in the welds were 
illustrated, respectively. In Fig. 5. 9 and Fig. 5. 10 which show the particle distribution in FSLW 
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Si phase or Mg, Si-rich phase, did not significantly change in AA6061, although the decrease in 
the particle size could be observed by OM in the SZ (see Fig. 5. 8). Therefore, for the AA6061, 
the stirring could mainly bring crushing effect on the second-phase in the SZ. However, as shown 
in Fig. 5. 11 and Fig. 5. 12, the amount of the second-phase in SZ especially on AS of A356 part 
exhibited an obvious decrease, which could be due to the particles being fragmented beyond the 
optical microscope resolution, and/or their dissolution due to the thermal effects associated with 
stirring and thermomechanical deformation during FSLW. The dissolution of the second-phase 
including Mg-Fe-Si phase and Si-rich phase, as well as their refinement by stirring, combined with 
the fine grains within the weld could probably increase the strength of the SZ of A356 through 
solid solution strengthening or Orowan strengthening. As such, it can be predicted that the hardness 
would have an increase in the A356 SZ, and therefore the weakest part of the joint is likely to be 
the HAZ where crack initiation located in the process of shear loading of the lap welds, which will 















Fig. 5. 9 Area fraction distribution for the Al-Fe-Si phase in the AA6061 part of the FSLW weld 















Fig. 5. 10 Area fraction distribution for the Mg, Si-rich phase in the AA6061 part of the FSLW 














Fig. 5. 11 Area fraction distribution for the Si-rich phase in the A356 part of the FSLW weld 















Fig. 5. 12 Area fraction distribution for the Mg-Fe-Si phase in the A356 part of the FSLW weld 









5.3.1 As-welded hardness distribution 
Fig. 5. 13 shows the hardness distribution in different trends for both AA6061 alloy and A356 
alloy sections. In AA6061 side, the highest hardness (96 HV) appeared in BM, and towards the 
centre, decreased to ~52HV in the HAZ and TMAZ, and finally rose up to ~70 HV in the SZ. In 
A356 side, the hardness was much lower than AA6061 as ~41HV in BM and HAZ, increasing to 
~50 HV in the bottom of the sheet to ~60 HV in the upper part of the SZ, as expected previously 
due to the stirring and dissolution effects. It was also found in Fig. 5. 13, for all the samples, the 
symmetry axis of the hardness was slightly deviated towards the AS, because of the severer 
deformation in the AS than RS in the welding procedure.  
 
With the increasing tool rotation speed, it was found in Fig. 5. 13 that the high hardness area in 
A356 SZ was getting larger especially towards the AS, which was because of the increasing 
dissolution strengthening effect in the A356 SZ towards AS, as well as the severer stirring effect 
resulting in the entrainment of the AA6061 material downward to the A356 matrix. Besides, it was 
also found in Fig. 5. 13 that, with the increasing tool rotation speed, wider was found in the zone 
where the hardness decreased at AA6061 side, revealing that the HAZ becomes wider because of 
the higher heat input during FSLW. However, at A356 side, no hardness decreasing zone was 
found according to the hardness contour, showing that the temperature in the A356 HAZ had little 
effect on the hardness. 
 
 





Fig. 5. 13 Vickers hardness contours of the FSLW joints obtained at different tool rotation speeds 
 ((a) ω = 800rpm, (b) ω= 1000rpm, (c) ω = 1200rpm) 
 
5.3.2 As-welded shear strength 
Fig. 5. 14 shows the shear test results for the FSLW joints. It was found that the ultimate shear 
force decreased with the increasing tool rotation speed, which corresponding to higher heat input 
in the FSW procedure. Consequently, the material in HAZ of the weld could be softened due to 
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more heat input, making the HAZ to be the weakest part of the weld. The hardness contours (see 
Fig. 5. 13) also revealed that the HAZ was larger with the increase of the tool rotation speed. 
Therefore, the strength of the welds dropped with the increase of the tool rotation speed. However, 
sound joints could be obtained using proper welding parameters, or e.g. if a too slow tool rotation 
speed was used, the heat input becomes insufficient to achieve sound bonding resulting in a 
channel or wormhole defect. 
 
Fig. 5. 14 Results of lap-shear test (v = 100 mm/min) 
 
Relevant studies have shown that the kissing bond in the FSW is likely to harm the mechanical 
properties because it is partially-bonded in that area to some extent [19, 20]. It can reduce the 
mechanical strength because of the different properties between the oxides and the matrix around, 
which is likely to cause stress concentration and crack initiation during deformation. However, it 
was also reported that the kissing bond may not be the key factor that significantly reduces the 
mechanical properties[21]. For FSW lap welding, it was reported that hook defect can play an 
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important role affecting the mechanical properties[18, 22, 23]. In AZ31B-H24 Mg FSLW joints, 
the existence of hook-like kissing bond defects significantly affected the properties because of the 
sharp tips[24]. As shown in Fig. 5. 14, at a constant feed speed, the ultimate shear force decreases 
with the increase in the rotation speed. As shown in Fig. 5. 7, the higher rotating speed can decrease 
the ultimate tensile force of the sample, because of the increase in size and range of the hook defect 
in the weld, although the severity of the kissing bond reduced. Besides, higher tool rotation speed 
increases the heat input, which leads to grain coarsening and softening in the HAZ, making the 
joints weaker. As the strength of A356 BM is much lower than that of AA6061 BM, stress 
concentration and crack initiation are prone to occur at the hook tip, where the A356 forms as a 
sharp tip, rather than the kissing bond. 
  




According to the results in section 5.3, A356 has lower hardness and strength than AA6061. 
Moreover, it was found that FSLW procedure can bring dissolution effect on the weld especially 
for A356. Therefore, aging treatment (T5) was conducted in the aim of increasing the hardness 
and strength of A356 so as to enhance the overall performance of the weld. According to the reports 
on the T5 heat treatment A356[25, 26], three levels of the temperatures (433K, 453K and 473K) 
for 8 hours were chosen for T5 treatment on the weld which had the highest tensile shear strength 
in this study (v=100mm/min, ω=800rpm).  
 
The microhardness profiles of the PWHT AA6061-A356 FSLW welds are shown in Fig. 5. 15 (a) 
and (b). The hardness traces were performed at mid-weld thickness in both alloy sheets. After the 
PWHT, the hardness in the AA6061 section of the weld increased significantly in the WN, TMAZ 
and slightly in the HAZ towards the AS, while staying constant towards the RS, regardless of the 
PWHT temperatures. Comparing the different PWHT temperatures, the highest hardness in the 
weld was achieved in the WN and TMAZ (AS) at 453K. For A356, the hardness in the WN 
increased significantly, whereas the hardness remained unaffected in the TMAZ or HAZ. As 
shown in Fig. 8, the maximum tensile shear force increased following the ageing treatment at the 
optimised temperature 453K, where the ultimate shear force of the welds increased by more than 

























Fig. 5. 15 Microhardness profiles of the PWHT weld (welding condition, v=100mm/min, 
ω=800rpm). (a) AA6061, (b)A356 
 
In AA6061, Mg2Si is the main strengthening phase[27]. During FSLW procedure, the Mg2Si in 
T6-condition AA6061 is expected to partly dissolve at the temperature in the WN which was 
(a) 
(b) 
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reported as ~753K[28]. Following PWHT, the Mg2Si phase would precipitate again and increase 
the hardness and tensile shear properties (see Fig. 5. 14). Furthermore, as discussed previously, the 
stirring effect towards the AS is more than RS, leading to more stirring-assisted Mg2Si dissolution, 
which upon heat treatment results in the hardness increase in the AS rather than the RS. In A356, 
stirring and forging effect of the FSLW could bring the AA6061 material downwards towards the 
A356 WN (as evident through the etch contrast in Fig. 5. 7). As a result, after the PWHT, the 
hardness in the WN of A356 would increase due to the additional precipitation strengthening effect 
from the AA6061 material that is forged into the A356 section. It can also be seen that the peak 
hardness in the A356 welds is not exactly at the centre of the welds, but shifted from the centreline 
by ~2 mm towards the AS, which shows again that the stirring effect is more pronounced in the 
AS than the RS. 
 
  




This chapter demonstrated the feasibility of FSLW of AA6061-T6 to as-cast A356 sheets. FSLW 
was successfully performed using a tool rotating speed range from 800rpm to 1200 rpm. After 
welding, the microstructure, average grain size in the SZ, second-phase distribution and microscale 
defects including kissing bond and hook were evaluated for the welds. Besides, the hardness and 
shear properties and their correlation with the welding parameters were studied before and after 
PWHT. The following conclusions could be drawn: 
 
1. The welds showed inhomogeneous grain size distribution, and the recrystallised grains in the 
stir zone were slightly finer towards the AS than RS. This supports the view that the stirring 
effect is severer in the AS than RS, which could increase the strain rate resulting in grain 
refinement.  
 
2. Kissing bond and hook were detected in the microstructure of the welds. Kissing bond, formed 
due to the presence of fine fragmented oxide particles, decreased with the increasing tool 
rotation speed. It was found that the kissing bond did not significantly affect the shear 
behaviour of the joints. Hook defect, found in the vicinity of the weld interface towards AS, 
increased in height and range with the increasing tool rotation speed. It was found that the 
hook defect had a significantly influence on the shear behaviour of the joints. 
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3. Intermetallic particles in the WN especially A356 side experienced stirring-assisted 
dissolution, whose severity increased with the increase in the tool rotation speed. After PWHT, 
the hardness in the WN increased significantly due to the re-formation of precipitates.  
 
4. Shear test showed that the ultimate shear force could be higher for the weld which was 
prepared at a less heat-input welding parameters. In addition, the PWHT led to an 
improvement in the mechanical strength of the welds by more than 10% for all the welding 
conditions. 
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6  Linear  Friction  Welding  of  Al‐Al  and  Al‐Cu: 





Linear friction welding technology has attracted more and more attention because of its high 
welding efficiency, joint quality and wide application range [1-7]. Especially in the field of aircraft 
engine manufacturing, linear friction welding technology has become the key technology in 
solving the design and manufacture for the integrated blade of advanced aero-engines [8-11]. In 
recent years, with the continuous development of linear friction welding, welding materials are 
gradually extended from titanium to aluminium alloy, nickel superalloy, steel, copper as well as 
LFW of dissimilar metals [12-17]. 
 
Aluminium alloy has been widely used in the fields of machinery manufacturing, transportation 
and aviation industry for its high specific strength. However, there are few literatures on the LFW 
technology for aluminium alloy. One of the reasons is that aluminium alloy was considered 
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difficulty in LFW because it has higher thermal conductivity than titanium so that more vibration 
frequency and greater forging force are needed to obtain sufficient heat for sound joints. However, 
due to much lower thermoplastic state temperature than titanium alloy, successful LFW for 
aluminium and aluminium alloy have been reported, and it has a broad application prospect in the 
industry [12, 14, 18, 19]. However, among these literatures, the influence of technological 
parameters on the microstructure and properties of linear friction welded joints of aluminium 
alloys and the formation mechanism of welded joints have been rarely reported.  
 
Al-Cu LFW joints are used as the conductive material in automotive application due to the 
excellent electrical conductivities of Al and Cu. As mentioned in Chapter 2, the quality of the Al-
Cu joints depends on the weld microstructure formed, especially the presence of intermetallic 
phases, due to their detrimental influence on the mechanical properties. According to the binary 
Al-Cu phase diagram [20] shown in Fig. 6. 1, five types of thermodynamically stable intermetallic 
phases may exist, which are: CuAl2 (θ), CuAl (η), Cu4Al3 (ζ), Cu3Al2 (δ), and Cu9Al4 (γ). As 
summarised in Chapter 2, all the phases above have been found in the Al-Cu friction welds 
including FSW and LFW, and as the review of the literature has shown, the generation of Al-Cu 
intermetallic compounds is detrimental to the joint mechanical properties. As a result, effective 
control of the formation and growth of intermetallic compounds is essential to achieve an 
acceptable performance. However, a series of problems remain unresolved such as which affect 
the most to the mechanical properties among these Al-Cu intermetallic phases, and how the 
intermetallic particles change with the different composition of Al base material, etc. 
 





Fig. 6. 1 Binary phase diagram of Al-Cu system. [20] 
 
In this chapter, LFW of AA5083 aluminium alloy is investigated to reveal the evolution of the 
microstructure and properties of the material during the LFW process, focusing on the defect and 
its effect on the microstructure and mechanical properties with the changing forging pressures. 
Dissimilar welding of AA5083 aluminium alloy and C101 Cu is also performed, assessing the 
influence of LFW parameters, especially the forging pressure on the microstructure and 
mechanical properties of joints. For special attention, intermetallics in the Al-Cu welds are also 
assessed on the type, size, and distribution, with the different welding forging pressures, as well 
as the influenced on the mechanical properties. 
  




6.2.1 Macrostructure and material flow 
Fig. 6. 2 shows the macroscopic appearance of an AA5083-H112 linear friction welded joints. 1, 
2 and 3 represent the samples which were welded at the forging pressures of 60MPa, 80MPa and 
110MPa, respectively. It is shown that good welding joints can be obtained under different welding 
forging pressures. As can be seen from the diagram, the flash produced by the linear friction 
welding occurs only on one side along the direction of vibration for each workpiece, while along 
the vertical direction of vibration, flash occurs on both sides. This is because the linear friction 
welding device was set at a start position that was staggered by an amplitude distance, and only 
vibration to the position where two samples are coaxial. As shown in Fig. 6. 3, when applying 
forging force, the upper left corner of workpiece B pushed the material of the right side of 
workpiece A, so that the flash formed at the upper right corner of workpiece A. In the same way, 
flash also formed at the bottom left corner of workpiece B. Because the vibration stopped when 
the two workpieces placed to a straight line, the material in the upper left corner of workpiece B 


























Fig. 6. 3 The schematic diagram of linear friction welding in this study. 
 
6.2.2 Microstructure and defect characterization 
Fig. 6. 4 is the overall microstructure of the linear friction welding joint of the experimental alloy 
in the vicinity of the flash edge. It was shown that the linear friction weld joint was metallurgical 
bonded in structure. No macroscopic lamellar transition zone has been found in the joint, and no 
macroscopic defects, cracks or other cracks have been found except for few isolated pores. 
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microstructure, revealing that the temperature did not reach the melting point of aluminium during 
LFW procedure. Besides, the microstructure of the flash the parent material was continuous, which 
means that the temperature of the material near the welding interface rose to thermoplastic state 
due to the friction heat, the material flowed out between the interface by forging force, and thus 
formed the flash. As mentioned above, melting does not happen during the LFW process of 
aluminium alloy. Actually, this process should be classified to the hot forging process. In the LFW 
process, friction provides heat for the process. When the workpiece material reaches a local 
thermoplastic state, appropriate pressure and friction of local materials could form a metallurgical 










Fig. 6. 4 The overall microstructure of the AA5083 linear friction welds. 
 
Fig. 6. 5 shows the enlarged microstructure of the LFW joint of the experimental alloy. According 
to the pictures, the welding joints can be divided into base metal zone, heat affected zone and weld 
zone according to the various microstructures. Among them, Fig. 6. 5 (a) is the microstructure of 
Flow direction 
Pores 
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parent material, (b) is the heat affected zone, (c) and (d) is the microstructure near the weld zone. 
It was found that the microstructure of base metal was a typical rolling morphology, while in the 
heat affected zone, the grains coarsened due to the friction heat. In the weld nugget zone shown in 
Fig. 6. 5 (c), it was found that a fine grain zone existed in the vicinity of the interface with the 
width of approximately 150-200μm, revealing that local dynamic recrystallization occurred during 
the process of LFW at the welding interface. Moreover, it was found in Fig. 6. 4 and Fig. 6. 5 (c) 
that isolated lack of connection defects were distributed long the welding interface. In Fig. 6. 5 (d) 
which is showing SEM morphology of the weld interface, it was found that the lack of connection 
defect was fusiform with the length of 100μm and width of 20μm. Except from that, the matrix 
around the defect was uniform, revealing that the defects were uncontinuously distributed. Besides, 
no significant second-phase particles or layers was observed. Fig. 6. 6 shows the microstructure of 
the LFW joints under two different forging pressures, it can be seen that with the forging force 
increased from 60MPa (as shown in Fig. 6. 6 (a)) to 110MPa (as shown in Fig. 6. 6 (b) below), the 
size of the defect was significantly reduced at the weld interface, indicating that larger pressure 























Fig. 6. 5 Microstructures of an AA5083 linear friction weld. 









Fig. 6. 6 Microstructures of the linear friction welds obtained at different forging pressures. 
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6.2.3 Hardness distribution and mechanical properties 
Fig. 6. 7 shows the hardness distribution diagram of the joint. It can be seen from the diagram that 
the dynamic recrystallization occurred in the weld area due to the friction heat and material 
deformation during LFW, resulting in fine crystalline microstructure, so that the hardness in the 
vicinity of the interface reached its peak value. However, the hardness of the welds decreases 
sharply at HAZ, indicating that the HAZ was affected by the friction heat and the grain coarsening, 
so that the hardness of the heat affected zone is lower. In addition, when the forging force is 
increased from 60MPa to 110MPa, the hardness of the HAZ decreased, which indicates that the 











Fig. 6. 7 The micro-hardness distribution of AA5083 linear friction welds. 
 
The mechanical properties of AA5083 linear friction welding of aluminum alloy under different 
forging conditions are shown in Table 6. 1. It was found that the LFW joints had relatively high 
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mechanical properties. Compared to the base material which has a tensile strength of 335MPa, 
yield strength 165MPa, and elongation of 20%, the highest tensile strength of the LFW welds was 
310MPa, which was 92.5% of the base metal. It was noticed that the yield strength of the LFW 
welds was higher, up to 142%, than that of the base material, due to the recrystallized fine grains 
at the weld interface. The elongation was slightly lower than that of base metal, and the maximum 
elongation was 88% of base metal, can also reach 17.6%, showing that the LFW joints had good 
quality. 
 
Table 6. 1 The mechanical properties of linear friction welded AA5083-H112 joints 
Sample No. Forging pressure/ MPa UTS/ MPa YS/ MPa EL/ % 
1 60 303 223 13.25 
2 80 305 227 14.35 
3 110 310 235 17.6 
Base metal  335 165 20 
 
In addition, the mechanical properties of the LFW joints (including tensile strength, yield strength) 
raised slightly with the increase of forging force, while the elongation increased significantly at 




Fig. 6. 8 The macroscopic morphology of a weld after tensile fracture. 
 
It was noticed that the fracture occurred at the weld interface for all the LFW forging pressures in 
this study, as shown in Fig. 6. 8, which is a typical macroscopic fracture image of the tensile 
6 Linear Friction Welding of Al-Al and Al-Cu: Influence of defects on Microstructure and Properties 
178 
 
fracture of the LFW joint. Besides, it was found that a certain amount of plastic deformation 
occurred near the joint before the fracture. Fig. 6. 9 shows the SEM of the tensile fracture surface 
of the LFW joint. Fig. 6. 9 (a) is a low magnification image of the fracture structure. Fig. 6. 9 (b) 
is a local enlargement of Fig. 6. 9 (a). It was found from Fig. 6. 9 that the fracture could be classified 
as mixed fracture, because in low magnification image, a large number of dimples can be observed, 
as well as a small amount of cleavage planes. From the higher magnification structure of the 
dimples, it can be seen that the grain size near the welding interface was relatively small, which 
revealed that the dynamic recrystallization occurred during the LFW process. The fine 
recrystallized grain at the fracture was the reason why the yield strength of the welded joint was 









Fig. 6. 9 Fracture morphologies of tensile specimens of the AA5083 linear friction weld. 








6.3.1 Macrostructure and material flow 
Fig. 6. 10 shows the effect of the forging pressure on the weld macrostructure and flash 
morphology. It was found that the flash came from the aluminium side, with only a limited 
deformation (flattening) near the joint interface from the copper side instead of flash. As the 
frictional heating during LFW is fairly localised to the region close to the joint interface, it is clear 
that the temperature was sufficient to plastically deform the aluminium side (e.g. ~500˚C), while 
the copper side was still solid. It can be also seen that the flash in the aluminium side shows as a 
curled “hook” shape, which curls internally with the increase in the forging pressure, besides, the 
change in height due to forging was 14 mm 10.4 mm, and 8.5 mm, respectively. This is because 
the higher forging pressure supplies more heat input during LFW, so the metal softens resulting in 






Fig. 6. 10 Flash formation at the Al weld side (bottom) of LFW joints welded under different 
forging pressures. (a) 110MPa, (b) 80MPa, and (c) 60MPa 
 
6.3.2 Microstructure evolution 
Fig. 6. 11 shows the microstructures of the base materials (a, b) as well as the LFW joint (c) which 
was achieved at the forging pressure of 80 MPa. Elongated grains were found along the rolling 
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direction in the microstructure of AA5083 (see Fig. 6. 11 (a)), whereas, equiaxed grains with 
annealed twins were found in the microstructure of Cu base material, ~110μm in grain size (see 
Fig. 6. 11 (b)). Fig. 6. 11 (c) shows the microstructure of the Al-Cu LFW focusing on the interface. 
It was found that recrystallization occurred for the Al alloy close to the interface, resulting in 
significant change in microstructure compared to the base material. Moreover, a transition zone 
could be detected towards the Cu side, where grain boundary could not be shown, suggesting that 
recrystallization occurred in this region. Further away, elongated grains were found in the Cu side, 














Fig. 6. 11 Microstructure of the Al-Cu LFW joint. 
(a) Al base metal, (b) Cu base metal, (c) Al-Cu interface showing the weld regions 
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To further investigate the detailed evolution in the microstructure, SEM backscattered images were 
obtained for all the welds focusing on the vicinity of the weld interface, as shown in Fig. 6. 12. As 
was seen in the images, macroscale defects including cracks, pores, etc. could not be found in any 
weld. However, intermetallic particles were found along the weld interface, showing as dispersive 
particles in the Al side and layered structures on the edge of the Cu side. Moreover, some Cu 
particles maybe accompanied with intermetallics were found in the Al matrix, and generally more 
were found with the decreasing forging pressures in the LFW process.  
 
Table 6. 2 shows the EDS results of the intermetallic particles existed in the Al matrix marked in 
Fig. 6. 12 (a). It was found that A was Cu particles which were entrained into the Al base during 
LFW process. A large number of tiny particles (marked B) which existed close to the Al-Cu 
interface but could not observed in the Al base material, had the main composition of Al, Mg and 
Cu, revealing that these small particles were generated during LFW process. The relatively larger 
particles (marked C) were containing Al, Fe, Mn and Si, which were primary phase of the Al base 
material. The black particles D were shown as oxides. 
 
It should be noted that the intermetallics at the weld interface could be obviously detected showing 
continuous layered structure when the forging pressure was high (Fig. 6. 12 (a), (b), (d) and (e)), 
but was difficult to be observed in low forging pressure samples. On the contrary, in the low 
forging pressure samples, e.g., at 60 MPa, a large number of Cu-rich fragments could be seen in 
the Al matrix close to the weld interface, and generally decreased in amount when using higher 
forging pressure. Therefore, it could be concluded that the forging pressure in the LFW process 
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had a significant effect on the mechanical mixing of Al-Cu and generation of Al-Cu intermetallics 





Fig. 6. 12 SEM backscattered electron micrographs of the joint, showing the Al side (bottom/left) 
and Cu side (top/right), welded using different forging pressures: (a,d) 110 MPa, (b,e) 80 MPa, 
and (c,f) 60 MPa.  
 




Table 6. 2 EDS results of the intermetallic particles in Fig. 6. 12 (a). 
Point 
 Composition (at. %) 
Al Si Mn Fe Mg Cu O Total 
A - - - - - 100% - 100% 
B 78.83% - - - 10.43% 10.74% - 100% 
C 77.10% 5.16% 6.77% 10.97% - - - 100% 
D 29.94% 18.56% - - 19.25% - 32.25% 100% 
 
Fig. 6. 13 shows a higher magnification SEM micrograph at the Al-Cu interface. It was clearly 
shown that intermetallics also existed on the Cu fragments entrained into the Al matrix. Moreover, 
the intermetallics were showing two different types in morphology, which were particles (marked 
as 1 in Fig. 6. 13) and layered structures (marked as 2 in Fig. 6. 13). The element composition of 
these intermetallics were identified by EDX. It was found that the Al:Cu in atomic percentage for 
the particles was 66.5:33.5, suggesting CuAl2 phase, whereas for layered phase was 27.8:72.2, 
suggesting Cu9Al4 phase. 
 
 
Fig. 6. 13 EDX analyses of the particle intermetallic phase in the vicinity of the joint interface. 




Besides, an intermetallic layer was found between Al and Cu matrix in Fig. 6. 13, and identified 
in Fig. 6. 14. Fig. 6. 14 (a) is the EDX line scan, showing that the layered intermetallic phase is 
composed of Al, Cu, as well as Mg, because of the Mg content in the Al base alloy AA5083. 
Therefore, the layered intermetallic phase was suggested to be an Al-Mg-Cu ternary phase. Further 
EPMA was conducted for the tensile fracture sample and the results were shown in Fig. 6. 14 (b). 
It was found that the Al:Cu:Mg in atomic percentage for the layered intermetallic phase (marked 
as point 1) was 19.8:54.1:26.1, suggesting Al2CuMg phase.  
 
 
Fig. 6. 14 EPMA and EDX analyses of the layered intermetallic phase in the vicinity of the joint 
interface. (a) the weld (b) a fractured tensile sample 
 
6.3.3 Hardness distribution 
Fig. 6. 15 shows hardness traces through the joint line for the experimental welding conditions. 
Generally, the hardness increased significantly when close to the welding interface where the 
hardness was to the peak value. Moreover, it was found no obvious hardness drop in the HAZ. It 
was noticed that the peak hardness varied with the different forging pressures. In the 80 MPa 
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sample, the peak hardness could reach 137 HV, while in the 110 MPa and 60 MPa samples, the 
peak hardness was respectively 87 HV and 107 HV. It could be explained according to the 
microstructure observation for different samples. In the hardness profiles, it was found that the 
base material of Al and Cu were similar in hardness, so the hardness peak was produced due to the 
intermetallics, especially dispersed particles. In the 110 MPa weld, a small quantity of the particles 
was found around the interface (Fig. 6. 12 (a)), resulting in a lower peak hardness, while in 80 
MPa weld, a larger quantity of the particles was shown (Fig. 6. 12 (b)), resulting in a higher peak 
hardness. Specially, for the 60 MPa weld, Cu fragments were observed around the weld interface 
(Fig. 6. 12 (c)), resulting in a slight decrease compared to 80 MPa sample.  
 
 
Fig. 6. 15 Vickers hardness distribution in the Al-Cu LFWs welded at different forging pressures. 
 
6.3.4 Tensile properties 
Fig. 6. 16 shows the tensile test results performed for the welds prepared at various forging 
6 Linear Friction Welding of Al-Al and Al-Cu: Influence of defects on Microstructure and Properties 
186 
 
pressures. It was found that, with the increasing forging pressure, the tensile property decreased 
significantly from ~160MPa to less than 50 MPa which was not qualified for application. It was 
noticed that the yield strength and elongation data could not be obtained in this experiment because 
the fracture happened in the elastic stage. Furthermore, for all the samples, failure occurred at the 
Al-Cu weld interface, exactly along the layered intermetallic phase (see Fig. 6. 14 (b)), suggesting 
that the layered intermetallic phase should be avoided through controlling the welding parameters 
especially the forging pressure. 
 






















Forging pressure / MPa  
 
Fig. 6. 16 Tensile strength of the Al-Cu LFW joints at different forging pressures. 
 
The fracture surfaces taken from the Cu side of the broken samples are shown in Fig. 6. 17. It was 
found that the morphology varied due to different forging pressures. For the 110 MPa sample, grey 
areas (arrowed in Fig. 6. 17 (a)) corresponding to the layer structure intermetallics in Fig. 6. 12 (a) 
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and (d) were widely distributed, suggesting that the sample fractured mainly due to the layered 
intermetallics. For the 80 MPa sample, less layered phases were found in the fracture, but a big 
quantity of fine intermetallic particles were detected in the Al matrix (Fig. 6. 17 (b)), instead of 
layered intermetallics. It was revealed that the sample fractured due to the intermetallic layers 
combined with fine particles. For the 60 MPa sample, it was found that intermetallic layers as well 
as fine particles reduced significantly, so that the tensile strength had a marked improvement to 
the highest of all the samples. 
 
   
 
Fig. 6. 17 Backscattered electron micrographs of fracture surface of the welds observed from the 
copper part under different forging pressures: (a) 110 MPa, (b) 80 MPa, and (c) 60 MPa. In Fig. 
8 (a), the gray zone shows the layered intermetallics (arrowed). In Fig. 8 (b) the arrows point at 
the intermetallic particles in the Al-rich region. 
 




From the experiment results above, it could be concluded that the intermetallic phase around the 
Al-Cu interface had a significant effect on the mechanical properties, especially the intermetallic 
layers (estimated as Al2CuMg phase) existing between Al and Cu matrix. Besides, the fine particles 
could also influence the tensile property to some extent. According to the literature, intermetallics 
were commonly found in LFW Al to Cu. Wanjara et al. [21] found CuAl2 particles in the LFW 
AA6063 to pure copper. Xue et al. [22] detected layered CuAl2 phase in FSW Al to Cu, which was 
found to have a negative influence on the mechanical properties. In this study, 4% of Mg in weight 
was contained in AA5083, affecting the composition of the intermetallic phase. 
 
Similar to FSW, the heat in LFW process is also generated through mainly friction heating by two 
materials as well as the deformation heat during forging process. Vairis et al. [2] expressed the 
heat input during the LFW process using the equation: 
LFW Heat input 2
√
                       (6.1) 
where, μ is the friction coefficient, Pf is the forging pressure, α is the oscillation amplitude, and f 
is the frequency of the oscillation. It was found that the heat input increased with the increasing 
forging pressure as well as the frequency and amplitude of the oscillation during the LFW process. 
In this study, the frequency and amplitude of the oscillation were kept constant, so the heat input 
was only decided by the forging pressure. Since the forging pressure was added basically at the 
end of the oscillation, the LFW procedure could be considered as the friction and the subsequent 
forging. According to the microstructure observation in this study, the friction could promote the 
entrainment of Cu particles to the Al matrix, and at the same time produce a considerable amount 
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of heat to plasticize the materials. Notably that this process is the same for all the samples, no 
matter how much the forging pressure is, resulting that the microstructure should be the same, 
which should be a large amount of Cu particles were entrained to the Al matrix. However, as the 
forging pressure was applied, the heat input increased, so that the temperature at the Al-Cu 
interface had a further raise, which trends to the generation of Al-Cu-(Mg) intermetallics in the 
vicinity. With the increasing forging pressure, the heat input continued to rise until sufficient 
temperature was reached to form Al2CuMg phase, thus resulting in lower properties. Accordingly, 
the Cu particles entrained to the Al matrix were less as was seen in the microstructure. 
 
  




In this chapter, AA5083 LFW welds and AA5083-Cu C101 welds were obtained using different 
forging pressures, to assess the impact of the forging pressure, as well as the defects on the 
mechanical properties and microstructural development. The following conclusions can be drawn:  
  
1. The linear friction welded joint of AA5083 aluminum alloy has been successfully prepared 
without macro defects under the experimental conditions. The mechanical properties of the 
LFW joints increased with the decrease of the forging force. When the forging force was 
110MPa, the tensile strength and elongation of the weld were up to 310MPa and 17.6%, which 
were 92.5% and 88% of parent materials, respectively. It was noticed that the yield strength 
of the joint was obviously higher (up to 142%) than that of base metal due to the dynamic 
recrystallization in the weld zone. Moreover, there were discontinuous lack of connection 
defects on the welding interface, where crack source formed on the in the stretching process. 
With the increase of the forging force, which led to the increase of the heat input, the size of 
the defect was significantly decreased, resulting in the increase of the mechanical properties.  
 
2. Sound dissimilar AA5083 Cu C101 LFW joints could be produced. Different with the LFW 
of AA5083 to itself, the mechanical properties decreased significantly with the increasing 
forging pressures. No lack of connection defect was observed for all the samples, instead, the 
intermetallic phases with various morphology were detected in the vicinity of the weld 
interface, which influenced the mechanical properties of the welds. With the increasing 
forging pressure, more heat was generated during the LFW process, resulting in the formation 
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of Al2CuMg layer structure intermetallic phase, which was found to have a negative effect on 
the mechanical properties. Besides, fine intermetallic particles were found in samples 
produced using lower forging pressure, also affecting the mechanical properties. With the 
reducing forging pressure, more Cu-rich particles were distributed into the Al matrix, resulting 
in a relatively higher mechanical properties for the welds.   
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7.1.1 Friction stir butt welding of AA5083 
The present work has prepared a series of sound welds by FSW butt welding for AA5083-H112 
using different welding parameters combinations. The microstructure morphologies, grain size 
distribution in the SZ, hardness distribution throughout the welds were evaluated. Moreover, a 
special focus was taken on the kissing bond defect, which can have a significant effect on the 
microstructure and properties of the FSW joints. A combination of several experiment techniques 
including OM, SEM, EBSD, TEM, DSC, NDT, microhardness tester, tensile tester, and fatigue 
tester were used to study the kissing bond in the FSW joints as well as its influence on the 
microstructure evolution, tensile/fatigue properties, and failure behaviour of the welds. The 
following conclusions can be drawn:  
 
 For base material characterization, the AA5083-H112 was composed of elongated grains 
along the (ST-RD) plane, fine in thickness, and Al(Mn,Fe)Si, Mg2Si and Al6Mn were observed 
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in the Al matrix. The base material AA5083 had a high elongation (20%), moderate tensile 
strength (335MPa), relatively low yield strength (163MPa) and hardness (84.8HV), which was 
revealed that the aluminium plate had excellent processing properties and good ability of 
deformation. 
 The FSW AA5083 can be divided into several zones as BM, HAZ, TMAZ and SZ, which has 
different microstructure characteristic, respectively. Among them, the SZ experiences 
dynamic recrystallization during FSW process, and the recrystallization grain size decreases 
when welding at a lower heat input.  
 The lowest hardness of the welds is at the HAZ, while in the SZ, the hardness raises 
significantly to the level of the BM due to the work-hardening effect.  
 The X-ray inspection results indicates that the FSW joints has no visible defects. 
 The length of the kissing bond was found to have a reasonably linear relation with heat input 
(HI), which depends on the tool rotation speed and feed rate.  
 With the increase in the length of the kissing bond, the tensile UTS and EL increased first and 
then decreased, while the YS had no obvious trend with the kissing bond length.  
 The fatigue life of the welds was longer with the shorter kissing bond.  
 The tensile UTS and fatigue life of the welds were strongly correlated with the fracture types. 
The shear fracture resulted in higher tensile UTS and longer fatigue life, while poor strength 
and fatigue properties were associated with the welds showing a fracture path along the kissing 
bond.  
 
7.1.2 Friction stir lap welding of AA6061 and A356 
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The present work has demonstrated the feasibility of FSLW of a wrought aluminium alloy 
(AA6061-T6) to a casting aluminium (as-cast A356) sheets. The microstructure evolution, second-
phase distribution and microscale defects including kissing bond and hook were evaluated using 
OM, SEM, hardness tester, tensile tester. To further improve the mechanical properties suitable 
for automotive application, PWHT were conducted with a comparation of the hardness and shear 
properties, and a discussion with their relationship with different process parameters. The 
following conclusions could be drawn: 
 
 The welds showed inhomogeneous grain size distribution, notably with the dynamically 
recrystallised grain being finer towards the AS, compared with the RS. This supports the view 
that the stirring effect is severer in the AS than RS, which could increase the strain rate 
resulting in grain refinement.  
 Kissing bond, formed due to the presence of oxide particle clusters, were detected in the 
microstructure of the welds, showing less with the increasing tool rotation speed. It was found 
that the kissing bond did not significantly affect the shear behaviour of the joints.  
 Hook defect, found in the vicinity of the weld interface towards AS, increased in height and 
range with the increasing tool rotation speed. It was found that the hook defect had a 
significantly influence on the shear behaviour of the joints. 
 Intermetallic particles in the WN especially A356 side experienced stirring-assisted 
dissolution, whose severity increased with the increase in the tool rotation speed. After PWHT, 
the hardness in the WN increased significantly due to the re-formation of precipitates.  
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 Shear testing showed that the ultimate shear force of the welded joints was higher when less 
heat-input was used during the welding process. Besides, the PWHT resulted in an 
improvement in the mechanical strength of the welds by more than 10% for all the welding 
conditions. 
 
7.1.3 Linear friction welding of AA5083 and dissimilar AA5083 to Cu C101 
The present work has investigated the LFW of AA5083 welds and dissimilar AA5083-Cu C101 
welds using different forging pressures, to assess the impact of the defects, as well as the forging 
pressure on the mechanical properties and microstructural development. The following 
conclusions can be drawn:  
  
 The linear friction welded joint of AA5083 aluminium alloy has been successfully prepared 
without macro defects under the experimental conditions. The mechanical properties of the 
LFW joints increased with the increase of the forging force. When the forging force was 
110MPa, the tensile strength of the weld was up to 88% of parent material. It was noticed that 
the yield strength of the joint was obviously higher (up to 142%) than that of base metal due 
to the dynamic recrystallization in the weld zone.  
 Discontinuous lack of connection defects were detected on the welding interface, where crack 
source formed on the in the stretching process. With the increase of the forging force, which 
led to the increase of the heat input, the size of the defect was significantly decreased, resulting 
in the increase of the mechanical properties.  
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 Sound dissimilar AA5083 Cu C101 LFW joints could be produced. Different with the LFW 
of AA5083 to itself, the mechanical properties decreased significantly with the increasing 
forging pressures.  
 The LFW process can lead to the formation of intermetallic phases with various morphology, 
which influenced the mechanical properties. With the increasing forging pressure, more heat 
was generated during the LFW process, resulting in the formation of Al2CuMg layer structure 
intermetallic phase, which was found to have a negative effect on the mechanical properties. 
Besides, fine intermetallic particles were found in samples produced using lower forging 
pressure, also affecting the mechanical properties. With the reducing forging pressure, more 
Cu-rich particles were distributed into the Al matrix, resulting in a relatively higher 
mechanical properties for the welds. 
  




The present work has been focused on the relationship between the microstructure and mechanical 
properties in friction welding joints, which covered FSW butt welding, FSW lap welding as well 
as LFW, especially on the characterization of various defects in these friction welds and their 
influence regulations on the mechanical properties. Future work is still required to establish a 
simple model on the welding parameters and welding heat input, which consciously reflect the 
heat and temperature contribution in the welds, and further quantify the influence of the defects on 
the weld microstructure and mechanical properties, as well as to produce simple and quick 
numerical models to predict the production of the defects in the friction welds. This would 
concentrate on the following aspects: 
 
 To establish a numerical model for the heat input of the friction welding procedure, under the 
influence of the welding parameters, tool structure design, and friction conditions, which can 
consciously predict the temperature distribution in the welds to control the production of 
strengthening phase as well as the harmful intermetallics.  
 To study the influence of the starting heat treatment condition especially phase composition 
on the weld mechanical properties based on the heat input model, which is beneficial to further 
optimize the mechanical properties of the products. 
 To establish a simple and quick numerical model to predict the production of the defects in 
the friction welds, based on the study of the material flow during the welding procedures, to 
simulate the defects including microscopic defects such as tunnel and lack of fusion and 
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